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Abstract 
The deformation and fracture of the semi-crystalline polymers, polyethylene 
and polypropylene is investigated using AFM in order to observe the processes in 
situ, on the lamellae scale, for the first time. Samples were stretched on a custom 
built manual stretching stage under the AFM. Consecutive images were collected of 
the same area so that the deformation and fracture processes could be watched, 
from unstretched films to high strains. 
For polyethylene, there was observation of many things that have been 
previously inferred, and some new things. Crazes are seen to start primarily at 
existing large gaps between edge on lamellae. Their growth appears to be inhibited 
by branch points of lamellae and they are seen to not all form at once. Meshes of 
points are fitted to the images in order to help follow the processes and understand 
why they occur where they do. This analysis revealed the heterogeneous nature of 
the strain across the sample, and that local shear plays an important part in 
governing the deformation of individual lamellae. SAXS is also used to compare to 
what is happening over a larger area of the sample. For polypropylene, the behaviour 
is even more localised with the strain occurring almost entirely in crazes; there is 
virtually no deformation in crystalline areas until they break up into individual 
crystallites. At high strains, crazes where short sections of fibril are arranged in 
geometric patterns at angles to each other and to the main parallel fibrils are seen, 
which we refer to as geometric crazes.  
The effect of a large scale crack tip in polyethylene is also investigated: A 
distribution of strain relative to the crack tip is seen, with very high strains close to 
the edge, and significant shear seen. Similar geometric crazes are also seen here. An 
attempt was made to use torsional resonance AFM (TRAFM) to monitor the impact 
of strain on molecular chain orientation. The sensitivity of TRAFM to local 
organisation of water on the sample surface was confirmed, although no clear 
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impact of surface hydrophobicity was observed. Unfortunately, it was found that any 
effect of chain orientation on image contrast was over-shadowed by the effect of 
scan angle. 
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Chapter 1 – Overview 
 
Polymers are a class of materials used in a wide range of fields, including 
construction and food packaging. In particular, the semi-crystalline polymers of 
polyethylene and polypropylene are the most widely used polymers. Their macro 
scale material properties depend on the micro scale deformation and fracture 
processes, so it is important to understand these processes.  
Semi-crystalline polymers are made of crystalline regions called lamellae, 
separated by amorphous regions. As polymers undergo strain, there is a 
reorganization and breakup of these lamellae and fracture of the amorphous regions 
leading to void and craze formation.  
In this study the samples are cut into dog-bone shapes and stretched under 
tension.  With Atomic Force Microscopy (AFM) these processes can then be observed 
in situ on an individual lamella scale. 
There have been many previous studies of these micro-scale processes for 
semi crystalline polymers; however these have either used techniques which give 
results averaged over the whole sample such as small angle X-ray scattering (SAXS), 
or microscopy techniques, which have been used to take snap shots rather than 
watching the same area as it deforms.  
As such, there are a number of unanswered questions in the field. The main 
questions we attempt to answer are: Firstly where the deformation and fracture 
processes start and why they might start there? Secondly how heterogeneous these 
processes are on different length scales, and what influences how the microstructure 
develops differently in different areas of the sample? 
The thesis is laid out as follows: Chapter 2 is an introductory chapter. Part 1 
deals with semi-crystalline polymers and their deformation and fracture. Part 2 
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introduces the techniques used in this project, AFM and SAXS. Chapter 3 explains a 
number of the methods and materials used in the project. 
Chapter 4 explores the deformation and fracture of stretched high density 
polyethylene (HDPE). Sets of images are taken of the same area to watch the 
lamellae scale processes in situ over a range of strains. Meshes of points are fitted to 
the sets to help follow processes.  
Chapter 5 explores the deformation and fracture of stretched isotactic 
polypropylene, which is a more brittle material. Sets of images are again taken of the 
same area to watch the lamellae scale processes in situ. Previously unseen features, 
crazes where short sections of fibril are arranged in geometric patterns at angles to 
each other and the main parallel fibrils are seen. We refer to these as geometric 
crazes.  
Chapter 6 explores how the presence of a large crack cut into the side of the 
film effects the local deformation and fracture. Sets of images were taken both in 
different places, to see how the distribution varies around the crack, and in the same 
place, to allow processes to be watched.  Geometric crazes are also seen here.   
Chapter 7 uses Torsional Resonance mode (TR) AFM. It is used to measure 
surface induced molecular water layering on both hydrophobic and hydrophilic 
surfaces. It is used to image self-assembled monolayers (SAMs) and polyethylene. 
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Chapter 2 – Introduction 
2.1: Introduction to polymer films 
 2.1.1: A brief history of polymer science 
Polymers have existed in natural forms for billions of years, and have been 
used by humans for thousands of years, an example is cellulose. They have been 
used for many things including clothing, shelter and tool building [1]. However it is 
not until fairly recently that there were attempts to understand them. 
In 1832 Henri Braconnot created the first man-made polymer, developing 
derivatives of cellulose to produce cellulose acetate, a semi-synthetic polymer. This 
was the start of many scientists work in this area, and in 1833, the term polymer was 
coined by Jöns Jakob Berzelius [2]. In 1907 Leo Baekeland invented the first synthetic 
polymer, Bakelite, which was used widely in household appliances [3]. 
The polymer industry was now well established, but the understanding of 
their nature was very limited, with most scientists believing they were aggregates of 
small molecules. It was not until 1920 that Hermann Staudinger, introduced the 
concept that polymers were composed of very long molecules of covalently bonded 
simple units, and coined the word macromolecule to describe them [4]. 
Since then polymer science has grown significantly, and a large number of 
synthetic polymers have been produced. Among them polyethylene and 
polypropylene which are studied here. Polymers have a broad range of properties, 
are used in many fields, including construction, electronics and food packaging, and 
are essential to our modern way of life [5]. 
 2.1.2: Basic properties of polymers 
Polymers are macromolecules consisting of many repeated subunits known as 
monomers which are connected together by covalent bonds. These macromolecules 
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are formed by linking together individual monomers by using chemical reactions, 
which is known as polymerisation. The simplest polymers are homopolymers, which 
are comprised of only a single repeated monomer, whereas there are polymers 
comprised of two or more types of monomer which are known as copolymers. Figure 
2.1 shows the chemical formulae for the two polymers studied here, polyethylene 
and polypropylene, which are both homopolymers. 
 
Figure 2.1 – Chemical formulae of polyethylene and polypropylene, the two polymers studied 
in this work.   
The physical properties of polymers vary widely, not just based on the 
chemical formula but also on the size of the chains. For example with increasing 
chain length, melting and boiling temperatures increase and strength, toughness, 
and viscosity tend to increase. This is because longer chains have an increase in 
entanglements with each other and have larger Van der Waals attractions than short 
chains. These interactions tend to fix individual chains in position and thus resist 
deformation. [6] 
The size of the molecule can be measured by the number of monomers, N, 
which is sometimes called degree of polymerisation. This varies drastically between 
different polymers, from 100 to many thousands.  
A more common measure of the size is the molecular weight Mw, which is 
proportional to N, for homopolymers; it is given by 
         
Polyethylene Polypropylene 
  5 
(2.1) 
where Mw0 is the molecular weight of an individual repeat unit. 
With only a few exceptions, polymers are made up of macromolecules with a 
range of molecular weights. This distribution will affect its physical properties. Rather 
than looking at the full distributions it is convenient to instead refer to molar mass 
averages. There are two averages used.  
The number-average molar mass is the sum of the products of the molar mass 
of each fraction multiplied by its mole fraction: 
 ̅  ∑     




where   is the number of molecules in a fraction of molar mass  , and   is 
the mole fraction of molecules of molar mass  , and is given by the ratio of   to 
the total number of molecules.  
The weight-average molar mass is the sum of the products of the molar mass 
of each fraction multiplied by its weight fraction, it is given by 
 ̅  ∑     
∑  
   
∑    
 
(2.3) 
where  is the weight fraction which is the mass of molecules of molar mass 
   divided the total mass of all molecules present.  
The breadth of the molar mass distribution is the polydispersity   , which is 
given by 
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Another property which can affect the physical properties is the degree of 
branching of the chains. Branching alters the ability of chains to slide past each other, 
and it can make it more difficult for the chains to stack with each other, thus 
reducing the intermolecular forces. [5] 
An example of this is in the difference between low density polyethylene 
(LDPE) and high density polyethylene (HDPE). LDPE has highly branched chains 
compared to HDPE, this leads to lower density as the chains cannot pack well, and a 
polymer which is softer and more flexible, with a much lower tensile strength.  
A further property that can affect material properties is the degree of cross 
linking. This is only possible in certain polymers, and does not apply to the polymers 
studied here. Cross linking is a chemical reaction that connects chains together 
permanently; this leads the polymer to be significantly stronger, harder, more rigid 
and less elastic.    
An important property of many polymers is the glass transition temperature 
(Tg). Below Tg, these areas transition to a glassy state, which has a very hard and 
brittle behaviour. This is because the movement of the chains is frozen.  
Polymers are usually classified into 3 separate groups; thermoplastics, 
elastomers, and thermosets. Elastomers are crosslinked rubbery polymers, with a 
low degree of crosslinking, which form large networks. They do not melt, instead 
they will pass straight into a gaseous state. They are highly flexible and elastic due to 
the crosslinks. 
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Thermosets are polymers with a high degree of cross linking, forming large 
networks. This greatly reduces chain motion leading to them being very rigid and 
having high strength. They also do not melt, going straight to a gaseous phase.  
Thermoplastics, often just referred to as plastics, are polymers which do not 
have crosslinks, instead they are held together by intermolecular interactions 
between neighbouring chains. They melt, allowing them to be moulded and recycled. 
These are by far the most widely used type of polymers. [7] 
Thermoplastics have a wide variety of mechanical properties depending on 
their structure. They are further subdivided into amorphous and crystalline 
polymers. 
 In amorphous structures, polymer chains are not ordered, they from a 
bundled structure, entangling with neighbouring chains. Below Tg they are very 
brittle, and above Tg they act as viscoelastic fluids, with the chains sliding past each 
other, and straightening out or curling up in response to stress. 
In crystalline structures, polymer chains are highly ordered and compacted, 
generally in lamellae structures. The crystal structure does not undergo much elastic 
deformation before deforming plastically, but has high strength and high melting 
points.  
There are very few completely crystalline polymers, instead they generally 
exist as semi-crystalline polymers; where both amorphous and crystalline regions are 
present. This occurs as thermoplastics crystallise slowly from the melt due to the 
need to untangle and order the highly coiled chains which exist in the liquid state. It 
is this semi-crystalline state which leads to properties which are very different to 
other crystalline materials.  
The mechanical properties of semi-crystalline polymers depend strongly on 
the degree of crystallinity, which is the percentage of the polymer which is 
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crystalline. If the crystallinity is low, it will be highly elastic but have poor strength, 
whilst if it is high the reverse is true.  
Semi-crystalline polymers are divided into crystalline lamellae which are 
separated by amorphous areas, [8] with amorphous tie chains connect neighbouring 
lamellae to each other [9][10].  
Lamellae are plate like structures and both they and amorphous areas have 
thicknesses on the order of tens of nanometres. Lamellae consist of ordered folded 
chains, with the chains perpendicular to the lamellae surface [11][12]. They are not 
perfectly crystalline but instead have many defects [13], this leads to lower strength 
than for perfect crystals.  They often form spherulites as seen figure 2.2, but this is 
not always the case.  
 
 
Figure 2.2 – Schematic of a semi-crystalline polymer spherulite structure, with crystalline 
lamellae separated by amorphous regions. [14] 
Another structure formed in semi-crystalline polymers is a shish-kebab 
structure as seen in figure 2.3. Here the crystalline is split into two regions, the shish, 
which comprise extended polymer chains and the kebab which comprise folded 
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polymer chains, with the kebabs occurs in sections radially around the shish. These 
structure are strain induced, by either flow or shear.  
Shish-kebab structures generally are more resistant to deformation than 
spherulites, leading to different mechanical properties such as higher strength and 
toughness. Materials with high shish kebab content experience much lower strain 
before fracture.[15] 
 
Figure 2.3 - Schematic of a semi-crystalline polymer shish-kebab structure. The shish 
comprises elongated polymer chains and the kebabs comprise folded polymer chains.[16] 
 
 2.1.3: Mechanical properties of semi-crystalline polymers 
Two measurements of the deformation of a substance are the stress and the 
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where F is the force exerted on a body, and A is the area over which it is 
exerted.  






where L is the original length of the substance and    is the change in length 
caused by the applied stress.  
An important way of testing the mechanical properties of a substance is by 
tensile testing, which consists of the material being investigated being cut into a 
dogbone shape to concentrate the stress and then the sample is pulled apart whilst 
its stress and strain is measured, this give a stress strain graph. 
 
Figure 2.4 – Stress strain curve for a ductile semi-crystalline polymer. 
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An example of a stress strain graph for a polymer is given in figure 2.4, from it 
a lot of information can be learned. At the start of the graph, whilst the strain is low 
the graph is linear. This is elastic behaviour, in agreement with Hooks law, if the 
stress were removed whilst in this region the sample would return to its original 
state over time without any deformation. From the gradient of this section it is 
possible to work out the Young’s modulus E, which is also known as the elastic 
modulus. 
If the polymer were brittle it would snap after the elastic region without 
undergoing any plastic deformation, therefore this polymer must be ductile. The area 
under the curve gives the energy absorbed by the material, so a ductile material can 
absorb a lot more before fracturing. This toughness is a very important property for 
many applications. 
After the elastic region the polymer reaches the yield point and plastic 
deformation begins. After plastic deformation a sample would not return to its 
original state. The strength at the yield point is called the yield strength.  
After yielding there is a decrease in stress caused by necking, here the cross 
sectional area of the sample starts to decrease quickly, localising a large amount of 
strain in a small region. The neck then extends in length to areas which were 
relatively undeformed, which leads to a relatively flat part of the curve. This process 
is sometimes called cold drawing, and is due to it being easier to deform the new 
areas than the neck itself. [17] 
Later the stress starts to rise again due to strain hardening, which is due to 
alignment of the polymer chains with the strain direction, before it finally fractures. 
This is in contrast to many other materials which exhibit strain softening. [18] The 
stress at the fracture point is called the tensile strength.  
Polymers are viscoelastic materials, which are often modelled using the 
Kelvin-Voigt model. This means that when the stress is removed, it will undergo 
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relaxation to return to a lower strain. It also means the polymer will undergo creep 
when subjected to a stress, this is a slow movement or plastic deformation over 
time, even if the stress is constant. [19] 
There is not one stress-strain curve for a material, its behaviour depends on 
both the temperature and strain rate. With higher temperatures the yield stress 
drops; and higher strain rates lead to much more brittle behaviour. [20] 
 2.1.4: Deformation of semi-crystalline polymers 
The macro-scale material properties of a system will depend on its microscale 
properties. So to understand deformation it is important to investigate at the 
lamellae scale.   
Figure 2.5 shows the generally accepted deformation process in a semi-
crystalline polymer. [21][22][23] At the start, at A, the sample is undeformed, there 
are two crystalline lamellae present, which have ordered folded chains, between 
them is a small amorphous region where the chains are disordered.  
By B the lamellae separation has increased significantly, as the amorphous 
region undergo strain, with the elongation of the amorphous tie chains between 
lamellae [24][25]. This corresponds to the initial linear section of the stress strain 
curve seen in figure 2.4, and all deformation is elastic.  
By C, the lamellae have begun to tilt and rotate, to align with the stretch 
direction. Which leads to their kinking and buckling to form chevrons [26][27], and 
rotation of stacks of lamellae [28][29]. 
There will be fine crystal slip and some coarse crystal slip. Fine slip consists of 
displacements of 1 or 2 lattice vectors on every other lattice plane of a crystal. 
Coarse slip consists of more significant shear displacements of crystal blocks  
[30].  This is plastic deformation and generally corresponds to the long plateau in 
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figure 2.4 after the yield point. In tension fine slip predominates at smaller strains 
[31][32] and coarse slip becomes more important as strain increases [33]. 
By D the lamellae have broken up into blocky elements, which is called 
fragmentation, this would have been preceded by coarse crystal slip [34][35]. This is 
a highly plastic process. Finally in E the chains in the polymer have aligned with the 
stretch direction, with the former amorphous region now arranged as fibrils, highly 
orientated with the stretch direction. [36] [37] This corresponds with the rise of 
stress in the stress strain graph.  
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Figure 2.5 –The deformation and reorganisation of semi-crystalline polymers under tension. 
A – Undeformed, two crystalline lamellae with amorphous material between them. B – 
Elongation of the amorphous tie chains between lamellae. C – Rotation of lamellae. D – 
Breakup of lamellae into block segments. E – Orientation with stretching direction. Adapted 
from [38] by rearranging the image and changing the labels. 
Other deformation processes seen are shear banding, which is a narrow zone 
of intense shearing strain, and large scale wedge formation. [39] More rarely seen 
possible deformation processes are mechanically induced crystal twinning [40][41], 
and martensitic transformation [42][43]. 
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 2.1.5: Fracture of semi-crystalline polymers 
    Another major mechanism as polymers undergo stress is local fracture 
within the amorphous regions between the crystalline lamellae, which leads to 
cavitation, i.e. crack/void formation, and crazing. These lead to the observed volume 
increase in deformed materials. [44] 
These phenomena are observed only in tension, not in compression or shear, 
this is due to the need for a 3D local stress state, which is sometimes known as 
negative pressure [45][46].  
It has been thought that the nucleation of voids and crazes was 
heterogeneous in nature [47] [48], caused by defects in the sample, however 
Galaskei showed this does not seem to be the case [49] they removed impurities 
from  polypropylene and saw more cavitation rather than less; thus it seems 
nucleation is homogenous based on local fluctuations in the stress. 
In thin films such as those used in this project large scale cavitation cannot 
usually take place [50] and thus crazing is primarily seen.  Crazes are formations of 
interpenetrating microvoids and fibrils, with approximately 50% of the volume of 
craze being made of void. 
A diagram of what is believed to happen during a craze opening can be seen in 
figure 2.6. Thermoplastics are held together by a combination of strong covalent 
bonds within chains and weaker Van der Waals bonds between chains. Crazes start 
with the formation of a nanovoid caused when the local stress is enough to 
overcome the Van der Waals bonds [51]. The opening of this nanovoid causes the 
slack to be taken out of nearby chains which resist further opening due to its 
covalent bands as these chain are orientated parallel to the stretch direction . This 
affects the local stress of the surrounding area causing more nanovoids to open and 
producing fibrils between them, of aligned chains, with the overall craze 
perpendicular to the stretch direction. 
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The craze is likely to propagate further, with a higher local stress at the craze 
tip creating new nanovoids and the craze opening due to the higher stress on the 
fibrils. A craze will open both by drawing in material from the sides and by thinning 
of the fibrils. Crazes often turn into cracks as they propagate, as the fibrils elongate 
they may break, causing the micro and nanovoids to grow and coalesce into a crack.         
              
 
Figure 2.6 – Diagram of craze propagation.  
Crazes are ellipsoidal in shape, which is partly determined by the small 
thickness of the amorphous regions  [52], they generally propagate perpendicular to 
the stretch direction [53], until at high strains they can reorient  to align with it. [54] 
At high strains, the coalescence of crazes and microvoids into larger voids has been 
seen, as well as the opening of new features. [52] Healing of voids has also been seen 
at high strains, due to reorientation of chains, via a decrease in film volume [55]. 
A key mechanical difference between cracks and crazes is that crazes continue 
to support a load due to their fibrils. They can absorb large amounts of fracture 
energy and thus increase the fracture toughness of a material.  
Usually voids and crazes are detected close to the yield point, suggesting they 
are related. Some researchers suggested that voiding and yielding occur together  
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[56], whereas in other studies the voids were detected a little bit earlier or later than 
at the yield point [57][58]. 
There is a competition between the two processes, if the crystals are weak, 
then plastic deformation occurs easily with no cavitation, as the amorphous region is 
stronger and will not break. However if the crystals are strong with few defects, then 
cavitation via the breaking of the amorphous region is easier and occurs first.[59] 
Morphological factors play a big part in the competition: increased branching 
is shown to lead to less cavitation [60], higher molar mass leads to less cavitation 
[56] [61]. Higher cavitation was seen for lower temperatures [62], and higher strain 
rates [63]. 
The presence of voids and crazes can be seen by the naked eye, via stress 
whitening, this is where light is scattered in the visible spectrum, by either 
microvoids or assemblies of nanovoids, making the sample white.  
In a similar way to how the higher stress at the end of a craze causes the 
creation of nanovoids, a large defect, or notch/crack can have a significant effect on 
the local deformation and fracture due to its effect on stress concentration. [64] The 
multi-axial nature of stress is amplified by a notch, even for notches with large radius 
of curvature. This acts to stimulate a higher generation of cavities. [65] [66] [67] 
Understanding this is important as slow crack growth is the failure mechanism for 
many materials including HDPE pipes. 
There is a distribution of strain and thus stress, in both strength and 
orientation in the plastic zone around the crack tip, there is a flow behaviour toward 
the crack tip assumed from this distribution. Also seen is the development of a craze 
structure near the crack tip [68]. An example of a distribution of stress caused by a 
crack is shown in figure 2.7.  
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Figure 2.7 - Model of stress distribution around a crack tip [69].  
 2.1.6: Experimental developments 
The fracture and deformation of semi-crystalline polymer on the microscale 
has been studied extensively for many years. Early studies used small angle X-ray 
scattering (SAXS) as microscopy techniques did not have high enough resolution.  
SAXS studies make up the bulk of studies on this topic. 
Originally SAXS was undertaken with lab based linear sources, some examples 
of which include [44] [70][42][71][24][25]. Later, however synchrotron based sources 
have been used, these are much quicker to collect data, leading to an increase in in-
situ studies. [72][56][68][73]. Recently there have been developments in microfocus 
SAXS, allowing data to be collected on a more local level. [74][68] 
The developments of electron microscopy (EM), have allowed it to be used. It 
has been used indirectly to detect dislocations in polymer crystals, from moiré 
fringes [75][76][77]. Later it has been used to directly image features; originally with 
low resolution images of large features [78] [79] but with increasing resolution with 
time [80][81][82][83] though it still has issues due to surface charging. 
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In the last couple of decades atomic force microscopy (AFM) has been used to 
image deformed polymers. Hild was one of the earliest in 1996 imaging 
polypropylene [84], showing the presence of voids and crazes and an increase in 
lamellae distance with tensile strain. Misra and Dasari have done a lot of work on 
polyethylene and polypropylene, and with scratch deformation and the effects of 
different molecular weights. [83] [85][86]  
Seguela has produced significant work  on the morphological changes in 
deformed of poly(1-butene) spherulites at low strain by using AFM [48] [87], taking 
25 μm in situ images, and smaller scale images showing crazing. Land and Dual, 
imaged crack growth in situ with 60 μm images [88].  Roggemann  and Williams used 
an AFM to map surface deformation changes around a crack, however only with 250 
μm images [89]. 
Zhong and He combined universal mechanical testing machine with AFM [90], 
analysing the relationship between macroscopic mechanical properties and surface 
nanomorphological changes. Recently Bakeev has taken high resolution images of 
HDPE crazing in liquid medium have been taken [91], which had delocalized crazing 
mechanism resulting in the development of a fibrillar-porous structure. 
The have been many other experimental techniques applied to the microscale 
deformation and fracture of semi-crystalline polymers. These include: small-angle 
neutron scattering (SANS) [92][93] ; incoherent polarized steady-light transport 
technique (IPLST) [94][95]; infrared spectroscopy and electron paramagnetic 
resonance (EPR) [96]; and Ultra SAXS (USAXS), which is used to detect features of 
sizes 300–2000 nm. [97] 
There have been a number of tomographic techniques, including x-ray 
microtomography [98] [66] [65], which allows localised studies of deformation, 
including around notches, and holotomography [99]. 
  20 
There are also numerous techniques which measure changes in 
microstructure indirectly. These include: detection of cavitation by acoustic emission 
[100][101]; densitometry [102] [103]; thermovision to measure increase of surface 
temperature [104] and differential scanning calorimetry (DSC) [105]. 
There have been limited theoretical studies due to the complex nature of the 
system, some include: Bacon and Tharmalingam’s simulations of polethylene 
crytstals and how the dislocations move with deformation [106]. 
 Lee and Rutledge investigated plastic deformation of polethylene via 
atomistic Monte Carlo and molecular dynamics simulations [107]. They observed 
that in deformation at constant volume, rotation of the chains within the crystal 
domains is observed, indicative of crystallographic slip. Whereas in tensile strain 
deformation with fixed lateral dimensions, plastic flow takes place in concert with 
melting and recrystallization at the crystal-amorphous interfaces. 
Jabbari-Farouji and Barrat used large scale molecular dynamics simulations, to 
measure the uniaxial tensile response of amorphous and semi crystalline states of a 
coarse-grained PVA bead-spring model [108]. The found that strain-softening in semi 
crystalline samples is dominated by deformation of crystalline parts, while strain-
hardening involves unfolding and alignment of chains in both amorphous and 
crystalline parts. 
It is not the focus here, but there has also been a great deal of work on the 
mechanical properties of composites [109][110]. 
The unique element of this work compared to what has gone before is that we 
have taken lamellae scale images of the same area as it deforms allowing us to watch 
the processes as they occur. This allows us to attempt to answer a number of 
unanswered questions in the field. The main questions we attempt to answer are: 
Where the deformation and fracture processes start and why they might start there? 
And how heterogeneous these processes are on different length scales, and what 
  21 
influences how the microstructure develops differently in different areas of the 
sample? 
 
2.2: Introduction to primary experimental techniques 
 2.2.1: Introduction 
There are two main techniques used in this work, the primary of which is 
atomic force microscopy (AFM), which is a microscopy technique that can image on 
the nanometre scale. The second is small angle X-ray scattering (SAXS) which is a 
scattering technique.  
Microscopy and scattering techniques are useful to use in conjunction as they 
give complimentary information. Scattering techniques give information averaged 
over a large area of the sample thus giving a representative picture, and can have 
very high resolution. Microscopy by contrast, will give information about a small area 
of the sample, which may not be representative, and on the samples heterogeneity. 
The trade-off is they may have lower resolution, are often slower and have greater 
susceptibility to artefacts. 
 
 2.2.2: Atomic Force Microscopy 
Microscopy is the use of microscopes to view objects too small to be visible to 
the unaided eye. Historically this was achieved using optical microscopes; however 
the resolution achievable using optical microscopy is fundamentally diffraction 
limited and thus depends on the wavelength of light. The resolution d is given by  
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(2.7) 
where λ is the wavelength of light and NA is the numerical aperture of the 
lens. Because of this far-field optical microscopy is limited to a resolution of 
approximately 200 nm [111].  
To solve this problem new microscopy techniques were developed, the first of 
these is transmission electron microscopy (TEM) devolved in 1931 by Ruska and 
Knoll. Here a high energy beam of focused electrons is passed through a thin sample. 
Electrons have a de Broglie wavelength which depends on their energy and is much 
smaller than that of light, consequently higher resolutions can be achieved of down 
to 50 pm [112]. Later scanning electron microscopy (SEM) was developed in 1937 by 
von Ardenne, here a beam of electrons are focused at a single point on a sample and 
reflected electrons collected [113]. By scanning the beam across the surface data can 
be collected for a range of points, these points can be constructed into an image with 
each point forming a pixel. 
In 1981 scanning probe microscopy (SPM) was developed, this is a family of 
techniques whereby a sharp tip is brought close to the surface of the sample, and 
interactions between the tip and sample are detected. By scanning the tip across the 
surface an image can be constructed. Scanning tunnelling microscopy (STM) was the 
first, created in 1981 by Binnig and Rohrer at IBM; it consists of a sharp conducting 
metal tip, with a bias voltage applied between tip and surface. When the tip is close 
enough to the surface electrons tunnel between the two, producing a measurable 
current. This tunnelling current decays very rapidly with distance and so it is possible 
to measure the tip-sample distance, and thus the topography of the sample, with a 
high degree of accuracy [114]. 
Later atomic force microscopy (AFM) was developed in 1985 by Binnig [115]; 
this is the main technique used in this project. At its heart it consists of a sharp probe 
on the end of a cantilever. When the tip is brought close to the sample, tip-surface 
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interactions will cause the cantilever to deflect, this is measured, giving information 
about the surface. 
AFM has several advantages compared to other microscopy techniques: It can 
operate in a wide range of conditions, including in ambient and water as well as 
ultra-high vacuum (UHV), which allows for the study of systems in their natural 
environment.  By contrast SEM and TEM require UHV and highly prepared samples, 
which can cause significant damage to them, especially if they are biological in 
nature. UHV is also very inconvenient, if you are using large samples or wish to 
change something about the sample during the experiment, as is the case here with 
polymers on a large stretching rig, where the strain is changed multiple times 
throughout the experiment. AFM can image a wide range of samples, whereas STM 
and SEM work best on conducting surfaces, and there would problems of charge 
build up on the polymer surfaces used here [74], so they would have to be metal 
coated. 
AFM and other techniques in the SPM family can give a wealth of information 
not available in electron microscopy, including surface topography, and properties 
such as stiffness and viscoelasticity. Possible disadvantages of AFM compared to 
other techniques are slower scan speeds, which can lead to drift, smaller scan sizes, 
and the susceptibility to tip artefacts. 
The standard setup for an AFM is shown in figure 2.8. It consists of a sharp 
probe on the end of a flexible cantilever; a laser is reflected off the back of the 
cantilever onto a photodiode which is segmented into four to allow spatial 
resolution. When the tip is near a surface, tip-surface interactions act to deflect the 
cantilever, this causes the reflected laser spot to move on the photodiode. The signal 
created here then travels to the data capture and feedback electronics. These 
systems control piezoelectric actuators, which move the tip vertically and allow 
accurate control of the tip-sample distance. 
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Figure 2.8 - Diagram of a common setup of Atomic Force Microscopy. Reproduced from 
[116]. 
For successful operation it is important to have feedback systems in place, 
here an output of the system is fed back into the system and used to adjust it. A 
feedback parameter is used, there are many such parameters including; cantilever 
deflection, oscillation amplitude, and frequency; this is necessary to remain at a 
stable position relative to the sample [117]. 
The most common use of AFM is to image a sample. Here the tip is scanned 
across the sample in a raster pattern where the image is divided into a sequence of 
horizontal scan lines, with each line broken down into a number of individual pixels. 
When scanning, the tip sweeps horizontally left-to-right at a steady rate collecting 
information for each pixel, it then rapidly moves back to the left, where it turns and 
sweeps out the next line. In this way a series of points on the surface are probed, 
creating an image.  
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AFM is not solely used for imaging; it has many uses including nano-
manipulation, and nano-fabrication [118]. A major use which is used in this project it 
to take force curves of a sample, here the cantilever remains stationary in x and y, 
and is slowly extended to, and retracted from, the surface, as it does so the force is 
measured, producing a graph of force versus vertical distance from the sample. Force 
spectroscopy allows us to learn many sample properties, including stiffness, 
adhesion, chemical binding and viscoelasticity, and also allows measurement of 
single molecules, including stretching and breaking. Forces down to the order of a 
few pN have been measured with z resolutions better than 0.1 nm [119]. 
An AFM can be operated in many different modes, the earliest and simplest of 
which is contact mode. Here the cantilever does not oscillate and the feedback 
parameter is the cantilever deflection, which acts to keep the tip-sample interaction 
force constant.  
There are dynamic modes where the cantilever is oscillated. The most 
common is tapping mode (TM) which is used throughout most of this project. Here 
the piezoelectric actuators at the base of the cantilever act to cause flexural 
oscillation, near the first resonance frequency, which causes the tip to oscillate 
vertically with respect to the sample. As the tip approaches the sample, surface 
interactions act to shift the resonance frequency and thus reduce the amplitude of 
oscillation. Good TM operation requires a strong resonance peak, this is measured by 
the quality factor, which is the ratio of the energy inputted to the energy dissipated 
for the cantilever per cycle. This can be approximated by the ratio of the wavelength 
to the FWHM of the resonance. 
TM mode gives three different channels of information. The height channel, 
which is the position of the z-piezo required to keep the amplitude at the setpoint 
value. The phase difference between the driving force and oscillation of the tip also 
gives a channel of information known as the phase which is sensitive to surface 
properties. Finally another channel is the amplitude error, this is the average 
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difference between the actual amplitude of the cantilever and the setpoint 
amplitude; it is usually simply referred to as the amplitude. [120] 
Throughout this work, all three channels are used. The height channel is often 
the most useful as it displays the height of the image. The amplitude channel is used 
throughout as it can have better a dynamic range and possibly better resolution 
allowing more detail to be seen. The phase channel is not shown as often, it is useful 
for showing differences in the physical or chemical properties of a sample between 
areas in an image. 
For all dynamic modes both the frequency and amplitude of oscillation can be 
used as feedback mechanisms, leading to two modes of operation, frequency 
modulated AFM (FM-AFM) and amplitude modulated AFM (AM-AFM). Generally FM-
AFM is used in UHV and AM-AFM is used in liquid and ambient conditions [119].  
This is because, AM-AFM is technically easier to achieve in difficult conditions, 
but in UHV for very sensitive measurements FM-AFM is better as it can make use of 
higher Q values and thus achieve a lower minimum detectable force gradient. Also, 
and originally primarily, it was used because the frequency changes as soon as the 
interaction changes, whereas the amplitude changes at a rate determined by the 
settle time and therefore Q of the cantilever. In vacuum this is so high, that 
amplitude modulation takes too long to scan. 
Dynamic modes such as TM have several advantages over static modes. The 
most important of which is to reduce lateral forces between tip and sample; thus 
reducing the damage done to the surface and the tip, which is useful here as it is 
necessary to image for a long time at large scan sizes to find the same area after 
stretching. This allows the imaging of soft and loosely bound samples such as lipid 
membranes. This also allows the use of sharper tips which lead to higher sensitivity. 
It is also possible to extract many material properties from the dynamics of the 
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oscillation; with the phase image able to determine surface properties such as 
friction, adhesion, and viscoelasticity.  
 
 2.2.2.1: Torsional Resonance Atomic Force Microscopy 
Another less widely used dynamic AFM mode is used in this project, Torsional 
Resonance mode (TR). TR is a dynamic AFM mode similar to tapping mode, except 
instead of being oscillated flexurally the cantilever is oscillated torsionally about its 
long axis, causing the tip to oscillate parallel to the surface with a small dither 
motion, as seen in figure 2.9. The first published work on TR mode was from 
Kawagishi in 2002 [121]. Since then it has seen many advancements including being 
brought to commercial machines by Veeco with a patent by Su in 2005 [122]. 
TR has a number of potential advantages compared to tapping mode including 
higher sensitivity and stability, and a large phase contrast. These advantages can be 
useful for imaging, force curves and measuring surface properties. It also has the 
potential to sense in-plane forces and allows us to learn about the environment 
above the surface of the sample.  
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Figure 2.9 – A diagram of the operating principle of TR mode, a torsional driving force 
producing a small tip dither. Reproduced from [116]. 
The tip stays close to the surface throughout, with no vertical movement. 
Horizontally there is little tip movement, less than 1 nm [123], which is necessary to 
achieve good spatial resolution. The lack of vertical tip movement is important as the 
tip moves in plane parallel to the surface and thus its motion is not affected by forces 
normal to the surface.  
TR mode has a number of advantages over other AFM modes. The most 
important is that the dynamics of TR mode are inherently favourable to achieving 
high force sensitivity, which is useful for both force curves and imaging. This can be 
seen by considering the minimum detectable force gradient of an oscillating 
cantilever, which should be minimised to increase force sensitivity. It was shown by 
Wickramasinghe [124] to be  
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where k is the spring constant of the cantilever, kB is Boltzmann’s constant, T 
is the absolute temperature in Kelvin, B is the bandwidth of the measurement in Hz, 
ω0 is the angular resonant frequency of the cantilever, Q is the quality factor and 
<z2osc> is the mean square oscillation amplitude in metres. This equation assumes 
that the cantilever is driven at the optimal frequency for slope detection and that the 
dominant noise sources are stochastic.  
Between TM and TR mode the parameters in the equation differ significantly. 
In TR mode there are higher resonant frequencies and higher quality factors; which 
act to reduce      . On the other hand, there are higher spring constants which act 
to increase      .  
In TR mode the amplitudes of oscillation are smaller and this would appear to 
increase      , however this assumes that the force gradient is constant, linear and 
independent of the tip-sample force which is not true in AFM. Here the tip-sample 
force varies significantly, with for example the Lennard-Jones potential having 
attractive and repulsive regions which vary by 1/r6 and 1/r12 respectively. Also 
smaller amplitudes are often needed, as in softer systems large amplitudes act to 
displace the atoms or molecules that make up the system, thus smearing out their 
position in space. Overall the changes in quality factor and resonant frequency are 
larger and so TR mode has lower       and thus achieves higher force sensitivity.  
Another major advantage of TR mode is its greater stability. This is because 
throughout the oscillation the tip remains in the attractive region of the surface 
potential, this is in contrast to TM where the tip typically passes through both the 
attractive and repulsive regions in one oscillation [125]. Another factor increasing the 
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stability is that the torsional oscillation is perpendicular to long-range normal 
interactions, and so is not perturbed by them.  
There are several other advantages to TR mode: it has the ability to measure 
forces both parallel and perpendicular to the sample, which is ideal for 
understanding in-plane surface forces. Also the cantilever dynamics are much 
simpler, which allows for analytical modelling and thus extraction of the elastic and 
inelastic components of these in-plane forces. Additionally large phase contrast has 
been seen, which is suggested to be due to the tip remaining in close proximity to 
the surface throughout, as well as the higher Q value. This allows TR mode to see 
some features not visible in TM, potentially including polymer chain orientation.  
TR mode also has another advantage for operation in liquid; here a torsionally 
oscillating cantilever experiences significantly less damping due to a lower volume 
excited, which leads to higher Q values. This means that a wide range of machines 
can be used without any need to change the driving mechanism, making the process 
simpler and easier [126].  A final advantage is in high-speed scanning, here the much 
higher resonant frequencies seen in TR mode allow for increased scan speeds [127]. 
It should be noted that a number of these advantages can also be achieved 
using smaller cantilevers; however these have several issues. Their small size making 
focusing of the laser spot onto the cantilever very challenging, so specialised 
machines must be built which is more expensive. TR mode has the benefit of using 
regular sized cantilever in many commercial machines making it much easier and 
wider ranging in uses. In the future small cantilevers could also be used in TR mode 
to maximise the benefits. 
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 2.2.3: Small angle X-ray scattering  
Microscopy is not the only way to investigate the structure of materials on the 
micro and nm scales. One such technique is small angle X-ray scattering (SAXS), as it 
is a scattering techniques the results it gives are averaged over the whole sample.  
Along with small angle neutron scattering (SANS), it forms a family of small-
angle scattering (SAS) techniques which are taken at small angles (0.1-10 °). This 
allows the gathering of structural information of the scale of 1-100 nm. X-ray 
scattering taken at larger angles is called wide angle X-ray scattering (WAXS), and 
gives information on the smaller scale, such as crystalline structures. 
The principle of diffraction of light has been known for a long time, it was first 
accurately observed by Francesco Maria Grimaldi in the 1660s [128], and its 
understanding has been refined over the centuries. X-rays were discovered by 
Wilhelm Röntgen in 1895 [129], and the diffraction of X-rays was first observed by 
Max von Laue in 1912 [130]. In 1913 William Lawrence Bragg and his father William 
Henry Bragg developed Bragg’s Law which describes X-ray scattering in ordered 
structures [131].  
The main principles of SAXS were developed in the 1930s by André Guinier 
[132] and in 1955 he and Gérad Fournet demonstrated that it could be used to 
determine the structure of disordered and partially ordered systems [133]. Since 
then SAXS has seen significant further development, and is now used to investigate a 
wide variety of structures, including polymers, metals [134], and biological systems 
[135], and can be applied to liquids, particles and solid structures [136].  
X-rays are waves and they are scattered by the electrons within molecules. In 
SAXS they are scattered elastically via Thomson scattering, and as the angle used is 
small the Thompson equation is significantly simplified. X-rays exhibit interference, if 
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the two waves are in phase the interference is constructive and if out of phase it is 
destructive. Thus, if the system is at least partially ordered, then interferences 
between the waves scattered by the electrons will produce an interference fringe 
pattern. 
Peaks in this pattern occur when the path length difference is an integer 
number of wavelengths, which leads to Bragg’s law:  
          
(2.8) 
where λ is the wavelength of light, n is the number of wavelengths,   is the 
scattering angle and d is the separation of scatterers. Thus the scattering angle gives 
you information about the lengths scales in the system.  
In SAXS most X-rays go through the sample without interacting, and a minority 
will scatter. If the sample is isotropic it will produce a series of centric rings, if not the 
features will be inverted as scattering pattern is the reciprocal of real space.  
A simple diagram of a typical set up, is shown in figure 2.10. First a 
monochromatic X-ray beam is produced, the source can be a synchrotron or a 
laboratory based linear source. They are than collimated; this can be either point or 
line collimation changing the shape of the beam, line collimators have shorter 
collection times but have a problem of smearing the pattern [137]. The beam then 
hits the sample; most of it passes straight through and is then stopped by a beam 
stop before hitting the detector. The rest is scattered, missing the beam stop and 
being detected by the detector.   
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Figure 2.10 – Diagram of a simple SAXS set up. 
The position of the scattering is recorded by the scattering angle, but for later 
analysis this is converted to Q which is the momentum transfer and is known as the 
scattering vector, it is given by 
  











Chapter 3 – Experimental Method Development 
3.1: Materials 
3.1.1: Polyethylene  
The polyethylene films used in this study were HDPE (density, 0.97 g/cm3); 
they were purchased as sandwich bags from Tesco and were measured using a 
micrometer to have a thickness 19 µm, which was highly uniform.  Gel permeation 
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chromatography (GPC) was used to measure their molecular weights, giving values of 
Mw = 142,000 and Mn = 13,900, which leads to a polydispersity of approximately 10.  
The samples were cut from the bags, into strips were approximately 20 mm 
wide. Dog-bone shapes were then cut into the films to create a neck to concentrate 
the stress and ensure that strain occurred here.  
Originally this was done using scissors but this was found to be highly non-
uniform in shape between samples. Thus the dog-bone shapes were then formed 
used a hole-punch with an 8 mm diameter, this did not always cut the shape out 
completely so a scalpel was used to finish the cutting. This left a neck in the middle of 
the strip approximately 5 mm wide. An example of a film can be seen in figure 3.1. 
  
Figure 3.1 - Image of dogbone shape polyethylene film at small strain, with ink dots which 




Polypropylene films were produced at the Composites Systems Innovation 
Centre in Sheffield using a hot press; the one used is seen in figure 3.2. A hot press 
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consists of 2 large metal plates which are heated and pressed together at pressure, 
this helps to create thin uniform films.  
 
Figure 3.2 – The hot press used to produce polypropylene films, behind a metal safety grid.  
Originally the polypropylene used was isotactic polypropylene with a Mw of 
12,000, however this had a much too low viscosity when heated and failed to form 
coherent films. Instead polypropylene with a Mw of 190,000 and Mn of 50,000 was 
used.  
Pellets of the material were placed sandwiched between aluminium foil and 
two metal plates which had been cleaned with IPA. The hot press was heated to 170 
°C and the package was loaded. A pressure of 2.2 MPa (2 tons on a 4" diameter ram) 
was applied and held for 1 minute before being released, the package was then 
taken out and the metal plate removed. It was then left to cool in the air and was not 
quenched. Before use the film was removed from the aluminium sheets.  
An example film is seen in figure 3.3, the films were disks with a diameter of 
approximately 6.5 mm. The thickness was measured in several places per film with a 
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micrometer, it was found to vary from 60 – 100 µm between films, but only by 10 µm 
within an individual film.  
There were some large scale scratches on the surface of the films which match 
to features on the plates, this was reduced by using an additional aluminium layer 
but was not eliminated entirely. The film was cut into dog bone shapes as for 
polyethylene.  
 
Figure 3.3 – Optical image of one of the polypropylene film disks.  
AFM images of one the films can be seen in figure 3.4, this now looks like 
cross hatched α form polypropylene with some incipient crazes. There are large scale 
diagonal feature which are due to the grain of the aluminium film. These were 
judged to not significantly affect the deformation processes. 
  37 
 
Figure 3.4 – Height images of the produced polypropylene films. A is the larger images 
showing the diagonal features caused by the aluminium foil. B is a smaller image showing 




Other than in chapter 7, the AFM experiments were carried out using a Bruker 
Dimension 3100 atomic force microscope. Scans were in tapping mode using silicon 
nitride Tespa-V2 cantilevers at 1 Hz. Images were processed using Nanoscope 
Analysis software, images were usually flattened, 2nd order, but were occasionally 
plane fitted. Further processing to clean up the images was not undertaken. 
Images which could form part of the sets were generally taken at 512 lines, 
and were scanned in the same direction, downwards, to eliminate image differences 
due to scan direction and drift. The experiment was performed in ambient conditions 
at approximately 20 °C, above the glass transition of the two materials. 
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3.2.2: Building the stretching stage 
This experiment requires the use of a stretching stage to allow the samples to 
be stretched and imaged without the need to transfer them to a separate piece of 
equipment. To this end a custom built manual stretching stage was used, which was 
designed to replace the normal stage in a Dimension.   
It can be seen in figure 3.5. It consists of a Thor Labs optical breadboard 
supporting layer, on which are two Mitutoyo micrometer heads, each of which are 
attached to a spring and connected to a gripping plate which hold the sample.  The 
film is held between the gripping plates, it is supported by a PTFE supporting block 
for stability in imaging, this can be more clearly seen in figure 3.1. Turning the 
micrometer dials causes the film to stretch.  
A custom built motorised stage was initially tried but was found to induce 
vibrations in the images, and was not used further. 
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Figure 3.5 - Image of the setup with custom built stretching stage below a Dimension AFM, 
the film is directly below the AFM tip, supported by a PTFE block from below and held in 
tension by the gripping plates.  
 
3.2.3: Imaging procedure - Finding the same area 
A key challenge in this work is to repeatedly and consistently find the same 
area after stretching.  This was difficult due to the nature of the film, and how it 
appears in both optical and AFM images; with it possessing a lack of clear features 
and many areas looking similar. This was compounded by the fact that how an area 
looks changes upon stretching making it harder to find the same features. Another 
factor is that it important not to spend too long imaging or use large scale scan sizes 
(over 20 µm), as this will damage the tip leading to worse imaging quality. It is thus 
crucial to have a way to reliably locate an area again after stretching. This was done 
with the aid of two different fiducial marks. 
The first is an ink dot placed in the centre of the neck of the film with a felt tip 
pen, and example of which can be seen in figure 3.6. The investigated region is 
chosen to be approximately 80 µm, the length of the crosshair, from a clear feature 
in the ink dot. When the film is stretched the ink dot breaks up as their bond to the 
film overcomes some internal bonds. The feature on the ink dot will thus stay near 
the investigated region allowing it to be found with a precision of approximately 50 
µm, with a lower precision for higher strains. The breakup ink dot is also used to 
measure strain. The investigated area was then imaged with larger scans (20 µm) to 
select an area suitable for investigation, i.e. areas with minimal contamination.  
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Figure 3.6 - Optical images taken with the AFM optics of the same ink dot as it breaks up 
under strain. Strains of 0%, 10%, and 42%. 
The second fiducial mark works on a smaller scale, after having used the ink 
dot to get closer. It consists of a diagonal scratch on the surface of the film caused by 
the AFM tip when imaging at a low setpoint, an example is seen in figures 3.7 and 
3.8. A 5 µm scan was chosen, with the angle set to 135° to produce a diagonal 
scratch. A diagonal mark is easier to pick out then a horizontal or vertical feature due 
to both lack of similarity to features already present on the film and the limitations of 
scanning with an AFM. The line was set to the centre of the image and set point was 
lowered to approximately 0.03 V for 10 seconds, before being raised and imaged at 
0°, if the scratch was not clear enough the process would be repeated with a lower 
setpoint. At first a setpoint of 0 V was used, however this produced a deep gash in 
the surface because the tip was not under control, and so a controlled scratch was 
preferred.  
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Figure 3.7—Amplitude images of the second fiducial mark, showing the area before (A) and 
after (B) the scratch. Amplitude images are used as the edges of the scratch show up well 
due to their steep sides. There is noticeable reduction in image quality between images due 
to the damage to the tip caused by the scratch. Scale bars 1 µm. Z scale 500 mV. 
 
 
Figure 3.8 –Amplitude images of the scratch at larger scan sizes of 20 µm (A) and 40 µm (B). 
These images are used to aid in finding the fiducial mark again and show what it looks like 
when searching for it. The mark is still quite clear compared to its surroundings, though it 
will become less so when stretched.  Scale bars 4 and 8 µm. Z scales 1.1 and 1.5 V. 
After the scratch has been made, successively larger images were taken with 
the now blunted tip to aid in finding the same place again; these were taken at 20, 40 
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and sometimes 80 µm. The area which is imaged later is chosen to be approximately 
5 µm from an end of the scratch; this should be far enough away that the scratch will 
have limited effect on the processes observed. As the initial lamellae long period is 
30 nm there are approximately 170 lamellae to the edge of the scratch so the effect 
should be minimal. The AFM tip was then replaced with a new tip due to the damage 
sustained by the old tip in forming the scratch, and the scratch must be found again.  
The ink dot is used to position the tip, and then AFM images of 10 or 20 µm 
were taken to find the scratch.  For this image quality is not important and so high 
gains and high setpoint are used to minimise tip damage. Either above or below the 
scratch was chosen based on which area looked better and a series of images were 
taken there, generally 10, 5, 2.5, and 1.5 µm; zooming in each time and adjusting for 
drift.  The end of the scratch is used as fiducial mark included at the edge of all the 10 
µm images so they can be easily aligned. 
For later images in the set they were aligned to the previous images of the 
same size, this was done by comparing central features, usually lamellae, and 
offsetting to get them to line up. When the film becomes highly stretched there is 
significant reorganisation and so the position of the image can vary depending on 
which features are kept in a constant position. In a number of cases two offset 
images are taken at the same size in order to follow more of the features that were 
present in the original image.  Two difficulties in aligning images arose from drift and 
the use of an open loop scanner. 
After being imaged unstretched, the tip was retracted and the film stretched 
and then left for 30 minutes to reduce creep. The process was then repeated, finding 
the area, aligning the images and taking a set of images at different length scales. At 
first the films were stretched by fixed amount on the micrometers (approximately 2 
mm) corresponding to fixed amounts in the macro strain. Due to the inhomogeneous 
nature of the films strain however this provided very uneven stretch intervals 
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between images. Instead, the breakup of the ink dot was watched when stretching 
the sample to see the strain and stretching was stopped after an appropriate stretch.  
 
3.2.4: Creep mitigation 
A significant issue when imaging stretched polymers with AFM is the problem 
of creep and the effect this has on images. Creep is the slow movement and plastic 
deformation over time, even if the stress is constant; it is generally highest 
immediately after stretching and reduces with time, it generally causes the film to 
drift in a certain direction relative to the AFM.  
Figure 3.9 is a set of images that demonstrate the issue of creep in 
polyethylene. The images are 512 lines, and the scan rate is 1 Hz, thus it takes 8 
minutes 32 seconds for a full image and 4 minutes 16 seconds for a half image.  
The start of this image set was taken approximately 1 min after the film was 
stretched whilst the film was settling, it begins scanning upwards until it reaches the 
top then the image is saved and the scanning direction reverses and the process 
repeats. 
There are two main effects of creep on the images seen here, firstly features 
drift to the right, which can be seen by the movement of the blue dot. Secondly this 
movement causes a slant in the features based on the scanning direction. When 
scanning up features align towards the top-right/bottom-left diagonal as seen clearly 
in A, and when scanning down features are aligned top-left/bottom-right diagonal 
which is clearest at the top in B. Between A and B the black void at the centre top 
can be seen to change direction. This effect is larger with smaller images 
The magnitude of this effect falls quickly with time, A is extremely distorted, B 
less so, and C and D are not that different meaning that creep is much smaller but 
still present.  
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To reduce the effect of creep on imaging the samples were left for 30 minutes 
for most of the creep to go away, in addition finding the same area and taking large 
scale images would take approximately another 30 minutes, so the creep should be 
much smaller than seen here. And all images were taken scanning downwards to 
make any creep artefacts consistent between images.  
 
Figure 3.9 –Successive height images of the same area of polyethylene film after it has been 
left to settle. Scan direction is A up, B down, C up, D down. Blue dots mark the same location 
on each image to help guide the eye. Scale bars 1 μm. Z scales 250 nm.  
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The importance of this can be seen in that B would tell you a very different 
picture of the surface to D. This is especially important when comparing images of 
the same area at different strains.  
 
3.2.5: Strain measurements  
The measurement of strain is vital for this project. The strain for both 
polyethylene and polypropylene is highly heterogeneous, and so the value for strain 
for an area will vary drastically depending on the length scale selected. There are 
three different ways to measure strain used here. 
The first measures the macro-scale strain; this measures the strain between 
the ‘bone ends’ of the neck of the film, over a length scale of approximately 1mm.  
This is calculated by measuring the initial size of the neck, and then recording the 
micrometer dial readings from the sides of the stretching rig to work out the strain; 
this assumes that all strain occurs in the neck, which appears to be true. 
The second method is the optical strain, which measures the strain over 
length scales of approximately 100 µm. This uses the AFM optics to measure the 
breakup of the fiducial mark ink-dots on the polymer surface, as can be seen in figure 
3.6. It involves features that appear in successive images and measuring how the 
distance between them changes; several different measurements were taken for 
each set and averaged. The investigated sample area is directly below the ink dots, 
and as it is in line with it should undergo similar strain. 
 The third method is the AFM strain, which measures the strain at 
length scales of approximately 10 µm. This uses the AFM images at larger scales 
(usually 10 µm), features within successive images are used, and the distance 
between features was measured. Once again several different measurements were 
taken for each set and averaged. 
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 For both optical strain and AFM strain values can change significantly 
depending on which features are chosen as strain is highly localised, with different 
areas moving at different rates, features far apart in the images were generally used. 
The agreement between the strain values for polyethylene was measured for 
two different sets of images as can be seen in figure 3.10. Overall the three different 
methods tend to agree with each other. For set 1, the AFM strain is larger than the 
optical, which is similar to the macro-scale, whereas for set 2 generally the macro is 
larger than the optical, which is larger than the AFM; thus showing no pattern in the 
ratios of strains. Within sets there can be significant differences in value of strain the 




Figure 3.10 – Graph of AFM and optical strain vs. macro-scale strain for two different sets of 
images of polyethylene. The black line shows a 1:1 ratio. 
For the polyethylene samples in chapters 4, optical strain is used to display 
their strain values. This was chosen because macro-scale strain does not reflect the 
local area well enough, the AFM strain on the other hand was considered too local 
and varies significantly depending on what features are chosen. In chapter 6, when a 
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crack is cut into the polyethylene film, AFM strain is used due to the higher 
localisation of the strain due to the crack.  
For the polypropylene samples in chapter 5, a version of AFM strain is used 
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Chapter 4 – Stretching Polyethylene 
4.1: Introduction 
Polyethylene is the world's most widely produced synthetic plastic polymer 
[138], it is used in many different fields including packaging and construction, and 
thus understanding its mechanical properties is important.  
Polyethylene is a semi-crystalline polymer, consisting of crystalline lamellae 
and amorphous regions. When subjected to a tensile strain, the polymer will undergo 
deformation and fracture. The macroscale properties of the system are dependent 
on the microscale properties of the system.  
As previous discussed in Chapter 2 there have been a number of previous 
studies of the behaviour of polyethylene when stretched under tension. These 
include SAXS [139][140][72], which has been used to study the processes over time, 
however it only provides information on changes in structure averaged over the 
whole sample. Also imaging techniques including AFM [85][141][142] and EM [143] 
have been used; however they only provide snapshots rather than seeing how an 
area changes with increasing strain. 
 In this chapter the same area of a polyethylene film is imaged in successive 
images, this allows us to watch processes at the lamellae scale as they occur to 
better understand them. Such in-situ observations of polyethylene deformation have 
not been carried out previously. Polyethylene is the simplest and most well studied 
semi-crystalline polymer and so acts as a model system for other polymers.  
4.2: Methods 
The films used in this chapter were high density polyethylene (HDPE)  which 
had a density of 0.97 g/cm3,  the films were measured to be 19 µm thick and were 
purchased as sandwich bags from Tesco.  Gel permeation chromatography (GPC) was 
used to measure the molecular weight, with values of Mw = 142,000 and Mn = 
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13,900, giving a polydispersity of approximately 10. HDPE is highly ductile and so a 
large amount of both fracture and deformation is seen to occur.   
As previously discussed in Chapter 3, strips were cut from the bag and 
mounted on a custom built stretch rack. The strips were approximately 20 mm wide. 
Dog-bone shapes were then formed used a hole-punch with an 8mm diameter, 
leaving a neck in the middle, approximately 5 mm wide, to ensure that strain 
occurred here. The experiment was performed in ambient conditions at 
approximately 20 °C, far above the glass transition. 
The samples were first imaged unstretched, and then the same area was 
found again using two different fiducial marks, an ink dot and a scratch produced by 
the AFM tip. The sample was then imaged again and the process was repeated. 
Images were taken in TM and all scans which could form part of the sets were taken 
at 512 lines, and were scanned in the same direction, either up or down, to eliminate 
image differences due to scan direction and drift. 
 
4.3: Small-angle X-ray Scattering results  
Small-angle X-ray Scattering (SAXS) has been used in a number of previous 
studies on deformation of polyethylene; it is used here to corroborate the later 
results from AFM. It gives information averaged over the whole sample. 
The experiment took place with the aid of Mike Weir, in the Soft Matter 
Analytical Laboratory (SMALL) using a liquid gallium MetalJet X-ray source, built by 
Xenocs. A monochromatic X-ray radiation (wavelength λ = 0.134 nm) and 2D 
detector (Dectris Pilatus 1M pixel detector) were used in this experiment. 
A Q range of 0.045 – 0.287 Å-1 was used, the sample – detector distance was 
set to 2425 mm, and the detector was calibrated with silver behenate. X-ray 
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scattering patterns were collected with a beam size of 1 × 1 mm and an acquisition 
time of 120 seconds. For each strain value 2 offset measurements were taken and 
line eraser used to reduce the masked areas, by splicing images together.  
Data was corrected for the detector’s dark current, spatial distortion, and flat 
field, normalized using sample thickness, exposure time, sample transmission, and 
the detector normalization coefficient, and integrated using software package 
Foxtrot. The stretch rig used for AFM images was also used here, the strain values  
quoted for SAXS are macro-scale strain, from the dials.  
The SAXS pattern observed for unstretched polyethylene can be seen in figure 
4.1. It has vertical lobes indicating that the lamellae are generally aligned 
perpendicular to the stretch direction, and what will be vertically in the AFM images. 
Using linear correlation analysis it was found a lamellar long period of 25 nm, linear 
stack crystallinity of 85 %, interlamellar distance of 4 nm, and lamellar thickness of 20 
nm. 
A set of results was taken as the same film was stretched, which can be seen 
in figure 4.1. First measurements were taken on unstretched polyethylene, then the 
sample was stretched and measurements taken again, the process was repeated. 
After 8 measurements the signal dropped dramatically, which was assumed to be 
due to the beam no longer falling on the neck, these measurements are not shown.  
At the start there are large vertical lobes, indicating, fairly well ordered 
lamellae perpendicular to the stretch direction. With increasing strain the lobes 
shrink and move inward, indicating less alignment and an increasing lamellae 
separation. There is also an increase close to the beam centre, due to larger scale 
features, possible voids and crazes. By the 5th the distribution is now isometric 
indicating a loss of the original alignment. The distribution then starts to grow 
horizontally, indicating increasing alignment with the stretch direction. 
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Figure 4.1 - SAXS pattern for polyethylene at a range of strains: Strains, top row: 0%, 22%, 
41%, 56%. Bottom row: 75%, 94%, 113%, and 138 %. 
In order to extract more information a radial integral was taken, leading to the 
graph in figure 4.2. In this the data underwent Lorentz correction, whereby the 
measured intensity is multiplied by Q2 to account for the fact that scattering is a 2D 
representation of a 3D system, whereas the lamellae are only ordered in 1D. The line 
labelled 163% is assumed to be due to the neck falling out of the beam and so shows 
the background.  
In the centre of the graph is the main peak which is attributed to scattering 
due to lamellae. At the start this peak is at its largest, by 22% it remains 
approximately as large but has shifted to slightly lower Q. After this the peak begins 
to decrease in size whilst moving to slightly lower Q, until by 94% it appears to be 
gone. The change in Q and thus lamellae separation is seen in table 4.1. 
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Figure 4.2 – Radial integral plot of Corrected Intensity vs. Q for the SAXS patterns shown in 
figure 4.1. 163% is assumed to be when the neck was not in the beam and thus gives a 
background. 
  
Strain (%) Peak Q (Å
-1
) Lamellae Separation (nm) 
0  0.028 23 
22 0.027 24 
41 0.025 25 
56 0.024 26 
74 0.023 27 
Table 4.1 – Table of peak position, and lamellae separation vs. strain. Values extracted from 
figure 4.2.  
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Meanwhile there are significantly changes seen at lower Q at the start of the 
graph, the peak here corresponds to approximately 130 nm, and as such the change 
is likely due to void and craze formation.  
From 0 - 41% this stayed relatively constant, after this it rises significantly then 
stays roughly constant. At 138% it falls again, perhaps due a smaller amount of 
material leading to lower scattering, or to healing of voids.  
The behaviour seen here generally matches what is seen in the AFM data 
below, where the lamellae are generally initially aligned vertically, as they are 
stretched there is a long period increase and there is a kinking and rotation of 
lamellae leading to less alignment and thus weaker scattering. Later on there is 
alignment of features with the stretch direction.  
 
4.4: Initial PE structure and how it compares to SAXS 
The initial structure of the polyethylene film can be seen in figures 4.3 and 4.4. 
It consists of crystalline lamellae and small amorphous regions between them, also 
present are some nanovoids. In the AFM images the lamellae appear as bright lines 
and the amorphous regions as thin dark areas between them. 
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Figure 4.3 - Height images of undeformed polyethylene. B is zoomed in from the centre of 
the A. At the centre top of A the end of the fiducial mark is present. Scale bar 1.5 µm (A), 500 
nm (B). Z scale 280 nm (A), 180 nm (B). 
 
Figure 4.4 - Amplitude images of a different sample of undeformed polyethylene. B zoomed 
in from A; this is less obvious than in figure 4.3 as there is a lack of clear distinguishing 
features. This sample is much more uniform than figure 4.3, with lamellae which are more 
uniformly vertically aligned. In B the lamellae appear more kinked due to noise. Once again 
there is the end of a fiducial mark at the top centre of the right image. Scale bar 1.2 m (A), 
300nm (B). Z scale 830 mV (A), 200 mV (B). 
Here the lamellae are largely edge on and thus appear as sharp lines, whereas 
in some cases, as seen in the top half of figure 4.5, the lamellae are more flat on and 
they are thus less distinct and will have a larger apparent spacing. Measurements 
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were taken on several different images using ImageJ software and the measure tool, 
the values were then averaged. The lamellae were found to have: a long period of 30 
nm, inter-lamella spacing of 5 nm and average lamella thickness of 25 nm, with 
errors of approximately 2 nm, this generally agrees with values measured from SAXS 
though they is some difference. The images and the values are generally in 
agreement with previous studies [22]. 
Initially the lamellae are generally aligned perpendicular to the stretch 
direction, though with some deviation. In some small regions they start aligned to 
the stretch direction, this is explored later. They are generally µms in length, and 
most of them are linear but a large minority are branched. At this stage there is no 
fragmentation of lamella, nanovoiding or fibrillation present and they are largely 
straight.  
Present in some images are pieces of material which is not PE, these are 
contamination spots, generally of dust or unknown material. These spots are 
sometimes much taller than surrounding features in the film and so are generally 
avoided. Also they do not deform along with the film so they make good fiducial 
markers in image sets. Very occasionally a new contamination spot with appear in 
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4.5: Sets of images of polyethylene during film deformation 
4.5.1: Early deformation processes 
The unique aspect of this work is in the ability to follow the processes of 
deformation and fracture as they occur. Previous work has imaged semi-crystalline 
polymer films at different strains; however these were snapshots with images in 
completely different areas to each other.  It is important to take sets of images in the 
same place in order to gain a better understanding of the processes at work. In all of 
these images stretch occurs horizontally. 
The early sets investigated the deformation and fracture of the films at 
moderate strains, up to approximately 100%. At higher strains the fiducial mark was 
too deformed to find the same area again. 
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Figure 4.5 - Series amplitude images of PE being stretched. Stretch is in the horizontal 
direction.  With increasing strains from 0%, 13%, 20%, 41%, 60%, 98%. White contamination 
dots appear on the last image. Large black areas are poor tracking. Scale bars 500 nm. Z 
scales, 330, 310, 310, 270, 270, 270 mV. Blue and green dots mark the same location on 
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Figure 4.6 - Series of amplitude images of PE being stretched. Stretch is in the horizontal 
direction. With increasing strains from 0%, 13%, 20%, 41%, 60%, 98%. The top right area 
which appears is due to flat on lamellae. Scale bars 300nm. Z scales 230, 220, 240, 240, 240, 
190 mV.  This is the smaller scale corresponding series to figure 4.5, blue and green dots in 
same place as in figure 4.5. One of the lamellae is marked in blue to aid the eye. 
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Figures 4.5 and 4.6 are sets of images of the same place on the sample with 
increasing strain. Those in figure 4.6 are smaller scale images taken zoomed in on the 
centre of figure 4.5 and thus show more detail.  
When subjected to a small uniaxial tensile strain the deformation processes 
begin. There is the beginning of separation of lamellae due to elongation of 
amorphous tie chains, increasing the long period. The tie chains are too small to see 
here. 
Also the lamellae start to undergo rotation to align with the stretch direction, 
which is horizontal in these images; for example, the lamellae which start to the right 
of the blue dot and end above it.  Lamellae largely align with their neighbours, 
rotating in stacks. In some cases neighbouring lamella go opposite ways, these cases 
are important as they form nanovoids which will often lead to crazes, an example is 
at the green dot, where the craze forms below. Lamellae already aligned with the 
stretch direction largely stay in place before being seen to slip against their 
neighbours.  
As the sample is stretched more these processes continue. The lamellae 
separation continues to increase. The rotation continues, with lamellae often 
buckling to form chevron as can be seen from the marked lamellae. Increased 
nanovoiding is seen and fibrillation begins, with the opening of small crazes 100s of 
nm in size, perpendicular to the stretch direction, which open between lamellae. An 
example is seen below the green dot from D onwards, some poor tracking of the 
surface means some of this craze is black, making it harder to see. The crazes are of 
roughly ellipsoidal shape though their shape can deviate significantly depending on 
the neighbouring geometry. Over time crazes are seen to open significantly but 
undergo very little propagation; also crazes are not seen to coalesce with 
neighbouring crazes. Many examples of crazes can be seen in figure 4.7. 
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 Fine chain slip is seen from the tilting of lamellae, direct observation of 
thinning of lamellae is not seen, but it would be hard to see in these images.  At the 
last stages there is the beginning of coarse chain slip causing the lamellae to breakup 
into blocky elements, which can be seen in many places in the lower half of F in 
figure 4.6.  
These phenomena agree with macroscale observations, including Poisson 
contraction where the total volume of the film increases whilst there is a contraction 
perpendicular to the stretch direction. In optical images, stress whitening is seen, 
which is caused by optical scattering of light by the crazes and nanovoids produced in 
the film, this gets more prevalent at higher strains.  
4.5.2: Regions where lamellae are initially aligned with the stretch 
direction 
The lamellae in these sample are generally initially aligned vertically, 
perpendicular to the stretch direction, however this will often not be the case and it 
is important to understand how deformation proceeds if they are aligned with the 
stretch direction. Regions where this is the case were seen, one such region was 
imaged in a set as shown in the top half of figure 4.7, which is shown digitally 
zoomed in in figure 4.8.  
When lamellae are aligned with the stretch direction a lot of the processes 
previously seen are not applicable. Rotation and tilting do not occur significantly as 
the lamellae are already aligned. Lamellae separation does not increase as the strain 
is not acting to pull neighbouring lamellae apart. There is limited space for nanovoids 
and crazes to form. Neighbouring lamellae slipping against each other is the main 
source of deformation, there is also some thinning of lamellae seen. Later they 
exhibit coarse chain slip and start to break up into blocky elements. 
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Figure 4.7 - Phase image series of PE images at strains of 0%, 5%, 13%, 22%, 50%. Contains a 
region at the centre top where the lamellae are aligned with the stretch direction. Scale bars 
300 nm. Z scales 72, 72, 63, 62, 62 °. 
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Figure 4.8 – Zoom in on the area towards the top of figure 4.7, showing region with 
horizontal lamellae. Blue dots in same place as figure 4.7. Phase image series of PE images 
at strains of 0%, 5%, 13%, 22%, 50%. Scale bars 300 nm. Z scales 72, 72, 63, 62, 62 °. 
 
4.4.3: Late stage processes 
The early sets taken only went up to strains of approximately 100%. It is 
interesting to investigate the late stage behaviour, as it has many differences to early 
behaviour. 
The main difficulty in images at higher strains was the loss of the fiducial 
mark. As the film is deformed so too is the fiducial mark, and at high strains it 
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becomes very hard to recognise and find, with it now looking similar to other 
features present.  To solve this, another fiducial mark was used. This was added 
partway through the series, at approximately 80%. This was once again made by 
imaging at low setpoint with an AFM tip; it was drawn after imaging the area as part 
of the larger set, using the same tip. The mark was another 5 µm diagonal line; and it 
was made away from the imaging area pointing towards the first fiducial mark. The 
AFM tip was once again changed for a new tip afterwards. 
Another difficulty was in the film snapping before higher strains could be 
reached, which may be due to higher strains occurring elsewhere in the neck, outside 
the imaging area. It was also observed that often when the strain is high, the area 
seen in the optical image may undergo very little strain whilst the macroscale strain, 
set by the dials, increases a lot. It will then increase significantly for a small increase 
in macroscale strain, often undergoing heavy creep leading to snapping. This is due 
to strain hardening and necking, where the materials is now harder locally as the 
lamellae are  more aligned with the stretch direction and so it is easy to stretch 
different material elsewhere. 
A narrower neck was used to help concentrate the stress, so that the greatest 
strain in the film is more likely to occur in the imaged region. Also greater care was 
taken when stretching samples, with the rate slowed and close attention paid to the 
optical image for any sign of movement. These approaches were found to be very 
effective.  
Creep is a greater issue at higher strains, firstly that the sample needs to be 
left longer for the creep to reduce to an acceptable level for imaging, and secondly 
that the strain can change significantly if left overnight. 
Figures 4.9 and 4.10 show two different sets of images, these show all the 
processes described before occurring. At higher strains rotation continues, though 
there are still some areas with little deformation. Coarse chain slip occurs and the 
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lamellae begin to break up into small blocky elements, this is more prevalent in those 
aligned with the stretch direction. Crazes continue to grow so that an increasing 
proportion of the surface is now fibrillated, with them now occupying over 50% of 
the surface. Some new crazes are seen to form late on, long after initial crazes, 
rather than the crazes all forming at once. An example is in figure 4.9, where the 
craze below the blue dot has opened by C, but the crazes below the green dot 
doesn’t open until D. 
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Figure 4.9 - Series of amplitude images of PE being stretched.  With increasing strains from 
0% 19%, 43%, 103%, 129%, 175% and 209%. The last image in this series has a scratch in the 
lower left corner which was caused by the AFM tip contacting the surface after a loss of air 
to the air table. This was judged to not affect the majority of the image and so is still 
presented. Scale bars 300 nm. Z scales 310, 350, 360, 370, 400, 370 mV. 
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Figure 4.10 –A different series of height images of PE being stretched. Grey scale used to 
make the crazes easier to see.  Increasing strains from 0%, 10%, 42%, 88%, 118% and 148%. 
The white spot present in all images is a contamination spot, it is useful here as it acts as a 
fiducial mark. Scale bars 300 nm. Z ranges 81, 76, 108, 116, 112 and 116 nm. 
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4.5.4: Partial sets 
In an effort to better focus on the late stages, partial sets were taken, starting 
at higher strains. This was done as full sets were very time consuming, and it was 
possible for a lot of time to be put into a set only for it to fail near the end.  
At higher strains creep is now noticeable even after samples are left for a 
significant time and must be accepted in images. The effect of drift is also important 
in the need to offset images to image the same area. The impact of this can be seen 
in figure 4.11. This is the set that appears to reach the furthest stages of 
deformation.
 
Figure 4.11 – A small series of images of polyethylene being stretched. Starting at high 
strain, with strains of 58 %, 75%, 91%, based on bone-end strain. There is large scale shear 
seen, with top of C being areas not seen in A.  
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The sample is now very stretched and is in a highly fibrillated state with the 
fibrils taking up the majority of the sample. Lamellae are now well aligned with the 
stretch direction, and significant breakup into block elements is seen. At this stage 
there is large scale shear seen with areas that were previously neighbours vertically 
moving a long way from each other. This can be seen with C sharing lots of area in its 
bottom half with A, but sharing no area in its top half.  
4.4.5: Extremely stretched polyethylene images 
The film usually snapped before the final stages of deformation and fracture 
were reached. This may be due to the imaged region not being the most stretched, 
with a neighbouring region undergoing a much higher local strain and then snapping. 
Alternately there may have been flaws in the films that led to them snapping 
prematurely. On one occasion the film was found to enter a highly stretched state, 
with a small neck of approximately 40 µm wide without snapping. The neck was seen 
to possess a rippled structure at the edge which likely aided it in not snapping, the 
structure in the rippled area was similar though less stretched. 
 
Figure 4.12 – Optical images of the neck of polyethylene film during an experiment. Right is 
the sample as seen in figure 4.13. Left is the sample during the previous image in the set 
before it was stretched. Both images show the rippled structure on the lower side of the 
neck, this was only seen here and may be what allowed the film to reach such high strain 
without snapping. The Ink dot seen on the right has completely broken up, and possibly 
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fallen off the film, with only small pieces remaining. This made finding the same area to 
continue the set impossible. 
In this state, the film was seen to continually undergo creep; which was still 
significant after leaving the sample for 1 hour, and continued until it snapped 
overnight.  This creep has the effect of slanting the image shown here slightly. To 
help mitigate this all were taken in the downwards scan direction, allowing the 
overall structure is still seen. The creep also adds a small wobble to the images.  
At this level of strain the imaging area is unrecognisable from previous images, 
as are the fiducial marks, and so this does not form a set with the images taken 
before. 
 
Figure 4.13 – Amplitude image of polyethylene in a highly stretched state. The film is in a 
highly fibrillated state, with the lamellae nearly entirely broken up into blocky elements. 
Scale bars 1 µm (left), 300 nm (right). Z values 520 and 220 mV. 
The structure can be seen in figure 4.13. Here the polymer reaches an 
extremely fibrillated state, with over 90% of the surface covered by fibrils.  The 
former lamellae are now all aligned with the stretch direction and their breakup into 
small blocky elements is nearly total, with a few holdouts such as the central lamella 
showing signs of the original structure. The blocky elements are approximately 30 
nm which corresponds to the initial lamella thickness, though there is a range of 
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larger and smaller elements.  The fibrils have an average thickness of 20 nm and 
spacing of 40 nm, they are completely aligned with the stretch direction, and linear, 
with no cross fibrils seen. 
4.6: Relaxation set 
When a material undergoes strain there are two types of deformation, elastic 
and plastic. After being stretched then released; in a solely elastic deformation 
process the material will return to its original position, whereas in a solely plastic 
deformation the material will remain in its new position. 
In order to test the degree of plasticity a small series of images were taken. 
First the sample was imaged unstretched, and then it was stretched and imaged. 
Finally the sample was let go by the gripping plates and allowed to relax for 
approximately 1 hour before being reattached and imaged again. The three images 
are seen in figure 4.14.   
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Figure 4.14 – Amplitude images of relaxation set. The images are, unstretched A, 46% strain 
B, and relaxed with 26% strain C.  In the final image the sample has relaxed and so its 
features and strain are partway between the two previous images. Scale bars 300 nm. Z 
scales 270, 300 and 650 mV. 
A modest strain is exerted between A and B, this produces various 
deformation processes that have been described earlier. There is separation of 
lamellae due to elongation of amorphous tie chains, tilting and rotation of lamellae 
due to fine crystal slip, which leads buckling to form chevrons. Also seen is 
nanovoiding and some small scale crazing. 
Between B and C the sample is allowed to relax, allowing most of the elastic 
deformation to be undone. The strain of the image reduces roughly half of the 
stretched value, and the features can be seen to be between the stretched and 
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unstretched, approximately halfway between the two. The spacing between lamellae 
is reduced with tie chains appearing to retract elastically. Also the rotation and 
buckling of lamellae is reduced, and nanovoid width is decreased. The fact that these 
processes are partly reversed indicates that both plastic and elastic deformations are 
occurring. In the small number of cases where crazing occurs the fibrils remain, but 
the crazes contract significantly. Throughout the image there is an apparent wobble, 
caused by contraction pushing features together. 
 
4.7: Fitting images with a mesh of points  
4.7.1: Main sets 
To understand what is going on better it is useful to extract more information 
from these image sets. To do this a mesh of points was fitted to each image allowing 
the movement of lamellae throughout successive stretches to be followed and 
mapped. An example of this can be seen in figure 4.15.  
 
Figure 4.15 – A zoomed in section of an Inkscape file showing lamellae marked as paths in 
red on top of a height image from one of the sets.  
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The series of images were uploaded into an Inkscape file.  For the first image 
the positions of the lamellae were marked manually as paths, each path composed of 
multiple points represents a single lamellae, and these positions were extracted with 
a custom extension. The first image was swapped with the next in the set, and the 
paths were adjusted to match the new image and the positions extracted again. This 
procedure was repeated for all images in the set. 
Some lamellae did not appear in later images due to them moving off the 
sides of the imaging area due to stretch. These were moved out of the way and not 
measured. This had the effect of making the number of paths and thus points smaller 
over time, in order to compare the points from an image with the points of an earlier 
image it was necessary to go back and remove any paths they did not have in 
common and extract a different set of points. 
This fitting procedure was only used on the 1.5 µm images. There were two 
major problems to fitting larger images. Firstly fitting points to images is time 
consuming, and this problem is much worse for larger images as it scales with area. 
Second is the problem of resolution, each image was taken with 512 scan lines, and 
so for a 1.5 µm image each pixel is 2.93 nm. For larger images they are: 2.5 µm - 4.88 
nm; 5 µm - 9.77nm, and 10 µm - 19.53 nm. 
As previously stated, when the sample is unreformed the lamellae width is 30 
nm and the inter-lamellae spacing is 5 nm, thus for larger images the resolution is 
not good enough to properly resolve these details. 
In this project we focus primarily on lamellae scale processes, rather than 
those at higher length scales and so information was only collected for the smaller 
images. 
Methods to automate this procedure would have been useful in speeding up 
the process. A number were investigated including DIC module for Matlab, but were 
found to not work as successive images were not similar enough to each other due to 
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the nature of AFM images. This is a problem that likely could have been fixed but was 
judged to be not worth the time investment needed. 
The data for point position was exported to Matlab, the points were 
converted from pixels to nm, and the y values were inverted to undo a quirk of the 
Inkscape extension. The point movement between successive images was then 
calculated. Two different methods for displaying this information were used: 
 
Figure 4.16 – Movement of lamellae between two successive images in a set. Both images 
show the same data plotted in different ways. (Left) plotted with the scatter function where 
the colour of a point shows how far it has moved in x. (Right) plotted with quiver where 
lamellae movement is displayed as arrows. The general behaviour is clearly seen with the 
lamellae expanding in x and contracting slightly in y. Also seen is some small scale 
movement often due to craze opening such as the horizontal line in the lower right which 
does not follow its neighbours, which is marked with a black arrow.  
Scatter() which displays the points as small circles with their colour indicating 
how far they have moved in either x or y. Yellow for right/up and blue for left/down. 
It can be set up to display x movement as colour and y as size but this looks terrible 
and is hard to follow, and so was not used. The movement in x is most useful as there 
is more significant movement occurring. An example is shown on the left in figure 
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4.16. The base image for the circles’ positions is the first image rather than the 
second. 
Quiver() which has arrows which display the movement of points on the 
lamellae in successive images in both x and y, with the size of arrow showing how 
much each point has moved. An example is shown on the right in figure 4.16. The 
scale of arrows is chosen to be clearest, such that there are no overlapping arrows, 
rather than the true lamellae movement which may be difficult to see clearly. The 
arrows were later overlaid on the images in order to see movement better.  
The two methods have different strengths, with scatter best for seeing large 
scale movements and quiver best for small scale deviations.  
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Figure 4.17 - A series of images showing the movement of lamellae between images in x. 
Here represented as coloured circles. Yellow dots have moved to the right. This corresponds 
to figures 4.9, 4.18 and 4.19. It has 5 images instead of 6 as it displays the difference 
between two images. Increasing strains from 0% 19%, 43%, 103%, 129%, 175% and 209%. 
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Figure 4.18 – A series of images showing the movement of lamellae between images. Here 
represented as arrows. This corresponds to figures 4.9, 4.17 and 4.19. It has 5 images 
instead of 6 as it displays the difference between two images. Increasing strains from 0% 
19%, 43%, 103%, 129%, 175% and 209%. 
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Figure 4.19 – Series of 1.5 images overlaid with arrows showing the movement of the 
lamellae between successive images. The base images are seen in figure 4.9 and the arrows 
are from figure 4.18. Increasing strains from 0% 19%, 43%, 103%, 129%, 175% and 209%. 
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These images allow us to more easily see trends not clearly visible in the base 
images. This allows the visualization of large scale collective movements of lamellae, 
such as shear; as well as the movement of individual lamella relative to their 
neighbours. Generally the lamellae move away from the centre in the stretch 
direction and towards the centre perpendicular, with magnitudes which are larger 
further from the centre, this is as expected from Poisson contraction. Arrow size 
shows the movement relative to the centre, not relative to its neighbours region, so 
it is useful to compare arrow size to its neighbours. 
Collective motions of lamellae are generally easier to see.  These movements 
are generally driven be void and craze opening, leading to significant kinking and 
bending of lamella. The kinking occurs not just in lamellae neighbouring the crack but 
in lamellae 100s of nm away. Here we see the dislocation propagating through the 
film.  
Other than when driven by craze formation, lamellae are seen to move in 
concert with neighbouring lamellae. Often there is movement but not strain as they 
do not move relative to neighbouring lamellae. This can give rise to possible shear at 
regions where direction of movement clashes.  Between successive images the areas 
observed to undergo significant deformation are not always the same, often an area 
is seen to stretch, and later stay relatively static whilst a neighbouring region 
stretches. This is a demonstration of localised strain hardening. Lamellae breakup 
can also be seen, a clear example is in the top left where the lamellae rotate to align 
with the stretch direction and breakup leaving an area unrecognisable to its 
undeformed state, this fitting procedure helps in tracking these movements. 
 
4.7.2: Corrected sets 
The lamellae movement seen above has a potential issue in that the apparent 
movement has a bias, with it showing lamellae movement relative to the centre of 
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the imaging area. This gives the impression that areas at the edge undergo more 
strain which is not the case. It was thus decided to correct these to show the 
movement of lamellae relative to their local areas rather than the image centre. 
 
 
Figure 4.20 –Graphs of lamellae movement in x (top) and y (bottom) based on their position. 
Between the 1st and 2nd images in a set. These graphs show the expected Poisson's 
contraction, expanding in x and contracting in y. They were used to create corrected images 
by subtracting this average movement for every point to give a corrected movement. 
To this end Excel was used to calculate the expected average movement for 
each point in x and y. For each direction, the original position was plotted against 
movement with a linear fit of this data, giving the expected movement based on 
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position. This was then subtracted for each point from the measured movement to 
give a value of how each point deviates from the average movements. This corrected 
movement has the advantage of making it much easier to see individual lamellae 
movements, but has the disadvantage of being harder to understand what the 
images show. 
 
Figure 4.21 - Corrected movement of lamellae between two successive images in a set. 
Corresponds to figure 4.16. The small scale motion of lamellae is now much more apparent. 
With the previously stated movement of the horizontal line in the lower right being clear.  
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Figure 4.22 - A series of images showing the corrected movement of lamellae between 
images. Directly corresponds to figure 4.18. Also corresponds to figures 4.9, 4.17 and 4.19. 
Banding and individual movements are now much clearer as they are not hidden by general 
movement. Increasing strains from 0% 19%, 43%, 103%, 129%, 175% and 209%. 
These corrected sets more easily highlight small scale movements of lamellae. 
The regions which move relative to the average movement usually do so due to the 
effect of a nearby craze, and so we see that most lamella reorganisation is driven by 
crazes.  It also shows shear motions that would be otherwise hidden, which is 
clearest in the first image where the top half goes to the right as the bottom half 
goes left. 
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4.8: Discussion 
4.8.1: Predictions of where deformation processes occur 
It is important to understand why certain areas undergo a large amount of 
deformation and fracture whilst neighbouring regions remain relatively undeformed. 
Is it possible to predict which areas will deform most and how they will deform, 
based on their initial conditions? How close are these predictions? 
It can be observed that the branch points of branched lamellae undergo the 
least deformation. This is likely due to the branch acting to pin the lamellae in 
position next to each other.  Crazes by contrast are formed away from branch points, 
and are preceded by nanovoids.  Craze growth is often curtailed geometrically by 
branch points, with a branch point forming a ‘corner’ of a craze.  
Whilst a branch point pins the lamella in position, on the opposite side to a 
branch point, there is sometimes a pinning effect with no visible branch point. This 
may be due to an unseen branch in lamellae below the surface. 
Prediction of deformation is thus possible but limited. It is often possible 
when looking at the undeformed sample images to pick out some areas which will go 
on to form crazes, from areas where there is large lamella spacing in areas with 
lamella perpendicular to the stretch direction.  
The process of rotation and kinking are generally driven by crazes, with 
lamellae acting to maintain alignment with their neighbours, and so their prediction 
is based on nanovoids and crazes. The fracture of lamellae into blocky elements will 
then occur, once lamellae are aligned with the stretch direction as it is the only 
mechanism left. 
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4.8.2: Comparison to snapshot picture 
It is useful to compare the behaviour seen here to what is seen in previous 
studies, either methods which probe the bulk such as SAXS, or microscopy: such as 
AFM, SEM, or TEM, which have been used to take snapshots rather than series of 
images. There are many processes of deformation and fracture which were seen in 
previous studies. They have all been observed, including: Separation of lamellae due 
to elongation of amorphous tie-chains, nanovoiding which leads to craze formation, 
rotation of lamellae leading to buckling to form chevrons, fine crystal slip as seen by 
tilting and coarse crystal slip which leads to fragmentation of lamellae into blocky 
elements. 
An important difference with this method is the heterogeneity seen at these 
length scales, where some areas see significant deformation whilst areas 100s of nm 
away will experience very little. Another related difference is that the processes do 
not occur in a strict order, with each step following another. For example lamellae 
often rotate without their connecting tie chains having yet elongated. Also in some 
cases fragmentation to blocky chains will occur without having fully aligned with the 
stretch direction.  
This raises questions about how lamellae scale properties relates to 
macroscale properties if there is such variance. In particular the yield point, which 
would appear to be at odds with observations of yielding occurring at varying times 
throughout the sample. The likely answer is that over long enough length scales, on 
the order of 10s of µm these heterogeneities will average out, and macroscale 
properties can be meaningful. 
To compare what we have observed to the process described in the chapter 2 
in figure 2.5, the generally accepted deformation process in a semi-crystalline 
polymer.  The process is largely the same: 
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At the start the sample is undeformed, with crystalline lamellae separated by 
small amorphous regions. 
Increasing lamellae separation is the first processes to occur; this does not 
only occur at the start but continues throughout the process. At the same time 
lamellae start to undergo rotation to align with the stretch direction, some of this is 
tilting due to fine crystal slip. This rotation largely occur in stacks. There is also the 
formation of nanovoids. These processes occur at the same time in different parts of 
the material. 
Later the rotation leads to lamellae kinking and buckling form chevrons and 
the nanovoids grow to form crazes. As these processes continue to occur, there is 
the start of the breakup of lamellae into blocky elements, which is fragmentation, 
amongst those largely aligned with the stretch direction. This process then comes to 
dominate with the more and more lamellae breaking up and the surface becoming 
increasingly fibrillated, with the chains in the polymer aligned with the stretch 
direction.   
The overall process is similar to that described in chapter 2, with the 
significant difference being that the steps do not occur in a strict order, with many 
different processes seen to occur at once.  
 
4.9: Conclusions and future work  
A method was developed for observing deformation of polymers in situ, on 
the lamellae scale, and was applied to HDPE. Sets of images have been taken 
allowing the observation of processes as they occur. The following were seen: 
separation of lamellae, tilting and rotation of lamellae, alignment with the stretch 
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direction and breakup into blocky elements. Also significant nanovoiding and craze 
formation and growth were seen. These all agree with previous studies. 
The ability to follow processes gives us information not seen before, on how 
and where these processes occur. Lamellae movement is seen to be almost entirely 
driven by crazes, their opening and growth, otherwise they tend to act in concert 
with their neighbours. 
Prediction of deformation is possible but limited. Branch points of branched 
lamellae are seen to undergo the least deformation, which is assumed to be due to 
the branch acting to pin the lamellae in position next to each other.  Crazes are 
formed away from branch points and their growth is often curtailed geometrically by 
branch points, with a branch point forming a ‘corner’ of a craze. On the opposite side 
to a branch point, there is sometimes a pinning effect with no visible branch point. 
This might be due to an unseen branch in lamellae below the surface. Crazes are not 
seen to all form at once, some new crazes are seen to form later, long after initial 
crazes. 
Sets of images were fitted with mesh of points to help understand the 
processes. In the future it would be useful to improve this process. An automated 
fitting process would be both quicker and potentially lead to more accurate and 
consistent results. This would allow the fitting of larger scale images to understand 
how the heterogeneity of deformation changes on larger scales. The resolution 
would need to be increased for this to work. 
In conclusion, AFM can be used to observe deformation and fracture of 
polyethylene in situ on a nm scale. The processes seen in previous literature are 
followed here, allowing a better understanding of how they occur to be formed.   
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Chapter 5 – Stretching Polypropylene 
5.1: Introduction 
Polypropylene is the world's second most widely produced synthetic polymer 
[138]. It has many uses including films for food covering, clothing and construction, 
and thus understanding its mechanical properties is important. 
Polypropylene is a semi-crystalline polymer, but it forms films with different 
properties to polyethylene, in particular it is more brittle. This difference in 
macroscale properties is rooted in different microscale properties which are 
investigated here. 
There have been a number of previous studies of polypropylene’s behaviour 
when stretched under tension. SAXS [144][145][81] has been used to study the 
processes over time, however this only provides information on changes in structure 
averaged over the whole sample. 
 Imaging techniques including AFM [146][84] and EM [147] have also been 
used; however they only provide snapshots rather than seeing how an area changes 
with increasing strain. In this chapter the same area is imaged in successive images, 
this allows us to watch processes as they occur to better understand them.  
Initially the polypropylene used was 100 µm films from Goodfellow. The 
surface was found to be coated with something, and so was unsuitable for our 
purposes.  New films were produced from pellets, using a hot press, the pellets used 
were isotactic polypropylene, Mw=190000 and Mn=50000. Film thickness varied 
between films from 60 to 100 µm, with thickness within an individual film varying by 
approximately 10 µm. The experiment was performed in ambient conditions at 
approximately 20 °C, above the glass transition temperature.  
5.1.1: Strain measurement 
Methods for measuring strain are previously described in chapter 3. The three 
types of strain described are: macro strain which is measured from the dials of the 
stretching rig and the initial measurement of the neck, optical strain which is 
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measured from two points on the sample using the AFM optics, and AFM strain 
which is measured from two points on AFM images of the sample. 
 
Figure 5.1 – Optical image of polypropylene film and ink dot after being stretched using the 
AFM optics. The film is stretched horizontally in this image. The diagonal lines are from the 
mould used in casting. They help to show the highly localised nature of strain in the sample: 
on the right the film is unstretched and the lines are at the original angle, on the left of the 
image the film is significantly stretched and the lines are at a new angle and are faded. 
There is a fairly sharp transition between the areas.  
As before, the highly localised nature of the strain poses problems to these 
methods. This is significantly more pronounced here than for polyethylene. The 
macro strain has essentially no relation to the strain on the lamella scale and is thus 
not useful. The optical strain also bears little relation as the strain varies completely 
within a few µm.  
AFM strain is thus the only way left to measure strain. It too has many 
challenges due to the highly localised nature of the strain. Here how the strain is 
measured will have a large effect on its value. If the two points measured are in the 
same crystalline region of the film the strain will be close to zero despite a great deal 
of the strain to the sample overall. Conversely if the strain is measured across an 
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opening craze then the measured strain will be very high, regardless of the 
macroscopic strain. Instead a useful method is to measure across both with the 
recognisable features furthest apart. 
A second difficulty is the differences in strain within an image in the direction 
perpendicular to the stretch, this presents a problem in finding a single strain value 
for an image. The solution chosen is to take multiple strain values for each image on 
different positions vertically and then average them to give the final value. It is also 
useful to record the range of strains seen within a single image. 
 
5.2: Experimental 
 The basics of the experiment are similar to that used for polyethylene 
which is described in Chapter 3. There are a number of important differences in both 
sample behaviour and experimental procedure compared to Chapter 4.  A significant 
difference is that creep is now a significantly larger issue. After stretching for PE 
creep will largely go away after 30 mins, here by contrast it takes approximately 3 
hours and is still somewhat noticeable. Samples often had to be left overnight to 
settle, as well as being time consuming this also had the problem of the strains 
changing as it settled, and sometimes the film would snap overnight. 
Also at high strains the problem of creep is worse, with the samples never 
truly settling and instead continuously creeping until the film snapped. This is 
mitigated somewhat by always scanning in the same direction and thus the artefacts 
due to creep are roughly the same between images allowing the relative changes 
between images to be seen. 
1024 lines per image was chosen to give both a good resolution to see details 
whilst allowing for larger scans to help understand the processes. The higher 
resolution is needed due to the smaller scale of the features compared to 
polyethylene.  As a consequence of this scan times were 1024 seconds. Higher 
numbers of lines were not chosen as this would lead to even longer scan times, 
which would cause major problems with drift and creep, as well as practicality.  
Several sets of images have been taken for the polypropylene film. Generally 
for each set the images were taken of the same place, which allows us to follow the 
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processes of deformation and fracture at the nm scale. Images were taken at 8, 4 
and 2 µm zooming in on the investigated area each time. 
In initial stretches undertaken on these samples the area under investigation 
was seen to not stretch at all, whilst nearby areas stretched significantly, this can be 
seen in figure 5.1. This problem is due to the highly localised nature of the strain for 
the sample. There was a need to localise the strain to the imaged area. This was 
achieved by using a narrower, sharper neck, which involved cutting the sample strips 
thinner and using a smaller hole punch for the neck. Also, the breakup of the ink dot 
was watched when stretching the sample to see the strain, and stretching was 
stopped after an appropriate stretch was observed. 
 
5.3: Initial structure of polypropylene films 
The initial structure of the polypropylene film can be seen in figures 5.2 and 
5.3. It chiefly consists of small crystallites approximately 10 nm in diameter.  These 
crystallites neighbour each other forming crystalline regions, within these areas exist 
a number of incipient crazes, as well as a number of point defects, dislocations and 
voids.   
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Figure 5.2 - Amplitude image of unstretched polypropylene film. The feature at the bottom 
centre of A is the end of the fiducial mark. Scale bars 1.25 µm (A) and 400 nm (B). Z scales 
490 and 220 mV. 
Figure 5.2 shows two images of undeformed polypropylene, with a larger 6 
µm and a smaller 2 µm image. At this stage, with the film undeformed there is very 
little if any fibrillation seen. The incipient crazes are seen throughout the sample and 
appear to form large structures, though these structures have large numbers of holes 
in them, they do not have a clear preferred direction. The incipient crazes are likely 
the boundaries an imperfect spherulite structure. They may be formed by the 
stresses applied due to cooling.  
The samples have some large scale diagonal features; this is due to the 
aluminium foil used in the hot press to create the films and should have limited 
effect on the processes seen. 
Figure 5.3 shows a zoomed in image of figure 5.2, it has better resolution 
which allows us to see the crystallites and other features more clearly. The 
crystallites are of similar but varying size, with the biggest a few times the size of the 
smallest. They appear randomly packed with large number of defects. In the incipient 
craze are a few crystallites detached from their neighbours. The height allows us to 
see that the crazes are lower, and thus thinner than the crystalline regions.  These 
images are similar to some films seen in previous studies [84]. 
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Figure 5.3 – Zoom in on figure 5.2. Amplitude (A) and height (B) images of undeformed 
polypropylene. The images show the individual crystallites and incipient crazes running 








5.4: Polypropylene deformation 
When subjected to a horizontal uniaxial strain the film undergoes deformation 
and fracture. Due to the highly localised nature of the strain, some areas often 
undergo little to no strain whilst areas µms away undergo significant strain. The 
strain is nearly entirely contained in crazes, with very little, if any, deformation and 
reorganisation seen. The crazes are found to generally occur perpendicular to the 
stretch direction, with the crazes that grow largest all occurring perpendicular to the 
stretch direction.  
In the crystalline regions, away from crazes, there was little to no change. 
Differences in these regions between successive images were found to be 
approximately 1% and thus within the margin of error. 
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There are a number of other features which have been seen before in 
deformation of polypropylene films which were not seen here. These include 
deformation banding and wedge formation.  
An example of one of these images is seen in figure 5.4, with a large craze, 
roughly vertically aligned running through the centre of the image. Across the craze 
are a number of fibrils, which run perpendicular to the craze edges, these are 
approximately 5 nm wide and are not uniformly spaced. Within the craze are a 
number of individual crystallites which appear to have broken off from the sides, 
these appear as the small circular objects. 
The height shows the craze and its fibrils clearest, the amplitude shows the 
crystallites within the crazes well and usually has the best resolution and dynamic 
range, and the phase is best to see the crystallites that make up the crystalline 
regions. 
In the lower part of the craze the fibrils are larger and more widely spaced, 
indicating higher strain. Up from the centre of the craze there are two different 
branches, which is very common, and is due to the craze following the easiest path 
to minimise strain mismatches.  
Strain mismatches occur when part of a crystalline region is pulled one way by 
a craze opening, and another part of the same crystalline region is not, or is pulled in 
a different direction, causing strain within the crystalline region which may lead to a 
new craze opening. 
Outside of the craze the crystalline region seems completely undeformed.  
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Figure 5.4 – Amplitude (A), height (B) and phase (C) images of a craze occurring in stretched 
polypropylene, In the crystalline areas either side of the craze the film seems undeformed. 
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5.4.1: Sets of images of polypropylene deformation 
Single images of stretched polypropylene can only tell us so much; to better 
understand what is going on it is important to have a series of images at the same 
point. Figures 5.5 and 5.6, shows such a series of images, which allows us to watch a 
craze opening up. 
We see the features previously described. Between A and B the craze is seen 
to get wider and to propagate. The craze is much wider at the bottom, showing the 
highly localised nature of strain. This can be seen in the large difference in strain 
values taken from near the top and bottom of the craze, for C they are 38% and 
106%. In comparing images it seems the crystallites in crazes match with those 
previously attached, indicating that they are moved and not created by the strain. 
Between B and C the crystalline area to the left of the blue dot is seen to break off 
into the craze. 
When looking between A and B it is interesting to see where the crazes occur, 
in some places it follows the previous incipient craze or other defect, but not always. 
It might be that it generally starts at a defect and propagates from there. The craze 
does not include the defect near the blue dot, but instead takes a path to the left.  
In order to better understand it is useful to look at digitally zoomed in images, 
which is possible as the originals are 1024 x 1024; an example is given in figure 5.7 
which shows the top part of the craze. Using these images it is now clear that the 
crystallites in the craze were originally from the sides. We can also see that the 
crystalline regions are undeformed, a movement of less than 1% between images 
was measured using Imagej, which is within the error.   
It also allows us to see the propagation of the craze vertically. In A there is a 
large triangular incipient craze and up and to the left of that a small defect marked 
with a blue dot. By B the craze follows the left side of the triangular defect and has a 
thin crack to the defect. By C the craze has propagated up past that defect and 
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further upwards to the right in a different direction. Comparing B and C there is no 
obvious reason it chose that path rather than another, though obviously it needs to 
propagate vertically to minimise strain imbalances. The other sides of the triangular 
incipient craze as well as other defects remain undeformed at this stage, there is 
little stress on them as it is taken by the craze.  
 
Figure 5.5 – Set of 3 height images corresponds to figure 5.6. Near top of craze strains of 0%, 
15% and 38%, near bottom strains of 0%, 42 and 106%. B shows significant shadowing in the 
craze due to poor tracking of the surface due to the craze. Blue dot in same place in all three 
images. Scale bar 300 nm. Z scales 50, 140 and 200 nm. 
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Figure 5.6 –Set of 3 amplitude images, corresponding to figure 5.5. Near top of craze strains 
of 0%, 15% and 38%, near bottom strains of 0%, 42 and 106%. B shows significant 
shadowing in the craze due to poor tracking of the surface due to the craze. Blue dot in same 
place in all images. Scale bar 300 nm. Z scales 230, 240 and 420 mV. 
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Figure 5.7 – Blown up sections of figure 5.6. Set of Amplitude images with strains of 
approximately 0%, 15% and 38%. Some shadowing in the craze in B due to poor tracking. 
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To understand what is going on it can be useful to look at the bigger picture. 
Another set of images is in figure 5.8, which are larger scale 4 µm images (smaller 
scale images of this set are in figures 5.9-5.12).  
In the images there are a number of different crazes forming throughout the 
imaging area. In A there is a main diagonal incipient craze, labelled with a blue dot 
and a smaller diagonal craze below it labelled with a green dot.  In B many new 
crazes have formed, two of which are centred on the original incipient crazes. There 
is a significant craze in the top left which appears somewhat of a branch of the main 
diagonal from near the blue dot, but curves to align vertically. There are also small 
crazes on the left of the image which are roughly vertically aligned. By C there are 
some new crazes and the existing crazes have grown. However they have not grown 
uniformly, with the newer crazes growing significantly more than the original 
incipient crazes.  
This kind of behaviour can be seen many times in different images, where 
between successive images neighbouring crazes are seen to stretch at different 
times, with one staying relatively static whilst and the other stretches and vice-versa. 
Also of interest is the craze perpendicular to both of the original diagonal 
crazes between the blue and green dots, this is a secondary craze and can be seen 
much clearer in figure 5.12 further down. The formation of secondary crazes 
perpendicular to major crazes is seen to occur frequently. These are formed after the 
major crazes form and occur due to perpendicular strains caused by mismatches in 
the primary crazes. Primary crazes are usually perpendicular to the stretch direction, 
but it was diagonal here due to the original incipient crazes.  
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Figure 5.8 –Set of three amplitude images. Strains of 0%, 14% and 21% near the top of the 
image, and 0%, 9% and 10% near the bottom. The images show large number of crazes 
opening. The appearance of the round object in C is a contamination spot. Scale bars 800 
nm. Z scales 360, 360, 540 mV. 
 
Figures 5.9 and 5.10 are a set of 2 µm images taken of the area between the 
diagonal crazes in figure 5.8 in height and amplitude. Figures 5.11 and 5.12 are 
digitally zoomed in regions of figure 5.9. The blue and green dots are in the same 
place in all images. Figures 5.9 and 5.10 shows the same features descried before. 
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Figure 5.9 - Set of three height images zoomed in on the blue and green dots in figure 5.8, 
which are in the same place here.  Strains of approximately 0%, 12% and 16%. Corresponds 
to figure 5.10. Scale bars 400 nm. Z scales 40, 60 and 90 nm. 
  102 
 
Figure 5.10 – Set of three amplitude images zoomed in on the blue and green dots in figure 
5.8, which are in the same place here. Strains of approximately 0%, 12% and 16%. 
Corresponds to figure 5.9. Blown up sections are shown in figures 5.11 and 5.12.  Scale bars 
400 nm. Z scales 360, 360 and 540 mV. 
Figure 5.11 is digitally zoomed in on the blue dot, in the top half of the main 
diagonal craze in figure 5.10. In the images you see the craze opening up, directly 
over the position of the original incipient craze. The craze propagates to fill in some 
of the gaps present in the first image but still leaves sections further down not 
complete. 
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Also in this set is the formation of another craze in the centre top, which at 
this scale is perpendicular to the primary craze and is thus a secondary craze. By C it 
is formed, in B there are a number of defects on its path, whereas in A there is 
nothing to indicate a craze would open up here. Looking at figure 5.8, it is clear the 
craze started further and then propagated down here to intersect with the diagonal 
craze.  
 
Figure 5.11 – Blown up section of figure 5.10. Shows opening of the diagonal craze and the 
creation of a new craze perpendicular to it. Strains of approximately 0%, 12% and 16%. Scale 
bar 400 nm. Z scales 360, 360 and 540 mV. 
Figure 5.12 digitally zooms in on the centre of figure 5.10 where a secondary 
craze forms between the two diagonal crazes, between the blue and green dots. 
Unlike the previous secondary craze this cannot be formed by propagation from 
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another craze out of shot. The craze is formed by C, by B there a few defects formed 
on its path though they are not obviously different to other defects in the sample, in 
A there is no clear indication that a craze could form and what route it would take. It 
does not seem possible to predict the crazes formation and route from the early 
images. Indeed it seems to avoid a more obvious route, the dark line it cuts across, 
the start and end of which are labelled with arrows in A and C. Thus we cannot 
always see what is the lowest energy path for the system to take, though the general 
need for a secondary craze could be predicted from the mismatch of strains of the 
primary crazes.  
The existence of two early secondary crazes here might be due to diagonal 
nature of the primary crazes inducing more strain mismatch than normal.  
 
Figure 5.12 – Blown up section of figure 5.10. Strains of approximately 0%, 12% and 16%. C 
shows the appearance of a secondary craze, which is roughly perpendicular to the primary 
crazes. In the A and B areas at the craze in the bottom the tip does not track the surface 
leading to the dark areas seen. Scale bar 400 nm. Z scales 360, 360 and 540 mV. 
5.4.2: Polypropylene film behaviour at higher strains 
It is useful to investigate the behaviour of the system at higher strains; 
however it can be difficult to do so due to the highly inhomogeneous nature of the 
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strain. All previous sets snapped before the imaging area had undergone large strain, 
due to much higher strain elsewhere in the film.  
In order to do this, during a set of images a nearby area that had undergone 
significant strain was also imaged. Figures 5.13 and 5.14 are a set of two 4 µm images 
going from medium to large strain in height and amplitude. It is dominated by the 
central region of the craze which undergoes significant strain with long widely spaced 
fibrils. This is a large strain which must be equalised by the areas around it leading to 
large amounts of new crazes and breakup of the crystalline areas.   
Various new crazes are seen, including in the top left and the bottom central 
craze in the second image which are investigated in zoomed in pictures of figures 
5.15 (blue) and 5.16 (green).  
There is significant breakup of the edges of crystalline regions to individual 
crystals within fibrillated regions, though the bulk of these regions remain 
undeformed. Also seen is rotation of features in the bottom right, caused by the 
expansion of neighbouring cracks. 
 
Figure 5.13 - Set of height images. Approximate strains of 227% and 425% near the top and 
199% and 353% near the bottom. Corresponds to figure 5.14. The large craze in the middle 
produces lots of strain in the features around it. This area was chosen to investigate after the 
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first stretch and was approximately 5 µm away from the investigated area which only 
showed small strain. Rectangles show blown up regions, which are shown in figure 5.15 
(blue) and figure 5.16 (green). Scale bars 800 nm. Z scales 240 and 410 nm. 
 
Figure 5.14 – Set of amplitude images. Approximate strains of 227% and 425% near the top 
and 199% and 353% near the bottom. Corresponds to figure 5.13. The large craze in the 
middle produces lots of strain in the features around it. This area was chosen to investigate 
after the first stretch and was approximately 5 µm away from the investigated area which 
only showed small strain. Rectangles show blown up regions, these are shown in figure 5.15 
(blue) and figure 5.16 (green). Scale bars 800 nm. Z scales 550 and 370 mV. 
Figure 5.15 is a digitally zoomed in section of the top left of figure 5.14 (blue 
rectangle). In it are the formation of some crazes not previously  present, the large 
craze from the top right corner which forms a branch from the main craze at the blue 
dot and the small craze at the top, at the green dot. In comparing A and B there is no 
clear way to tell why the crazes took that path, with them forming on paths largely 
free of defects. From larger scale images it seems these cracks both propogated off 
screen.  
There are a large number of crystallites in the craze here which can be 
matched to crystallites in the crystalline region before. Next to the large dominant 
craze there has been no break off of crystallites.  
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Figure 5.15 – Digitally zoomed in section of figure 5.14. Approximate strains of 227% and 
425%.  Shows the opening of two crazes in potentially unexpected places. The dots show 
same place on both images, in B there are two blue dots to show the previously 
neighbouring areas that have moved apart due to the craze. Scale bar 800 nm. Z scales 550 
and 370 mV. 
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Figure 5.16 – Digitally zoomed in section of figure 5.14. A and B are amplitude images 
corresponding to A and B of figure 5.14, C is the phase image corresponding to B. 
Approximate strains of 199% and 353%. The images show the emergence of a craze and the 
breakup of the edge of a crystalline area. In the phase the fibrils are light and most of the 
crystalline regions are dark; some crystalline regions, however, are the same colour as the 
fibrils, these are the ones which are somewhat broken up, with the phase showing the loss of 
structure. Scale bar 800 nm. Z scales 550 and 370 mV and 80 °. 
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Figure 5.16 is a digitally zoomed in up area of the bottom of figure 5.14 (green 
rectangle), which is below the dominant craze. It exhibits significant strain, which is 
taken up by enlargement of the crazes and some break up of the crystalline regions 
at its edges. 
Of most interest is the break up of crytstalline regions, the middle craze here 
has a very large numbers of individual crystallites within it, and in surrounding areas 
large amounts of the crystalite regions appear to be breaking up, both into smaller 
pieces and to individual crystallites. There remains, however, core crystalline regions 
where no breakup occurs.  
The phase image is shown in C. By comparing B and C we can see that there is 
a phase contrast between the cyrstalline regions and the fibrils. The crystalline 
regions which are starting to break up, however, have a phase close to that of the 
fibrils, even if the surface is nearly all crystalline. This shows the break down of the 
structure.   
It is useful to see what we can predict based on initial conditions. About how 
and where crazes will form and how they will expand.  Crazes were often seen to 
follow the path of incipient crazes and other defects before propagating onwards.  
This was not always the case, with many crazes occurring in the middle of crystalline 
regions with no clear prior indication. These were often, but not always, caused by 
propagation from a craze outside the imaged area. In the cases where it wasn’t, the 
craze was needed there to balance mismatched strains despite a potentially 
unfavourable area. Mismatched strains perpendicular to primary crazes give rise to 
secondary crazes. 
Neighbouring parallel crazes are seen to stretch at different times, with one 
staying relatively static whilst another stretches and vice-versa, which demonstrates 
localised strain hardening. Overall it can be hard to predict where cracks will form 
and when based on initial conditions.  
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5.4.3: Polypropylene film behaviour at extreme strains 
The final stages of reorganisation were not seen in these sets as the films 
snapped before they could be reached. This was due to the highly localised nature of 
strain in polypropylene, such that areas nearby to the imaged region underwent 
significantly more strain and snapped. It was not possible beforehand to pick exactly 
which area this would be.  Instead in order to investigate the behaviour of 
polypropylene at very high strain the most strained areas were simply imaged by 
themselves. Optically these areas are seen to exhibit stress whitening which is due to 
the micron scale voids. An example optical image can be seen in figure 5.17, there is 
a significant difference when compared to figure 5.1. 
 
Figure 5.17 – An optical image of the polypropylene film in a highly stretched state. The 
previous lines have disappeared, the film is lighter due to stress whitening caused by the 
presence of micron scale voids and crazes. There are some larger scale voids and crazes, 
visible here as white areas. Approximately 100 µm to the right of this image the sample 
appears completely unstretched. 
A large scale example AFM image is shown in figure 5.18. The film is now in an 
extremely fibrillated state, with over 90% of the surface covered by fibrils.  Spaced 
within the fibrils are the crystallites which are now separated from each other. They 
do not appear to have changed size. There still exist significant crystalline regions 
which appear unchanged from their initial state.  These regions are approximately 
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500 nm in size and are roughly aligned vertically; this is caused by large primary 
crazes, which were later separated by secondary crazes. 
Another major feature is the existence of large cracks which are orientated 
with the stretch direction and are long and thin, occurring between fibrils. The 
largest example is seen on the middle left of figure 5.18, but there are many 
throughout the image. These cracks take up a large amount of the strain and give rise 
to the stress whitening seen optically. 
 
 Figure 5.18 –Amplitude (A) and height (B) images of highly stretched polypropylene. The 
majority of the film is now fibrillated with small crystalline regions remaining. A number of 
large voids parallel to the stretch direction are now present. Scale bars 2 µm. Z scales 820 
mV and 500 nm. 
A more zoomed in and thus higher resolution example can be seen in figure 
5.19. From the crystalline region in the top left it is clear that, within the region the 
polymer is undeformed still, and the film will snap long before all of these regions are 
deformed. The regions have both the same crystallite size and crystallite density as 
undeformed polypropylene. 
On the bottom right is a crystallite region which has broken up somewhat into 
individual crystallites as has been seen at lower strain. It is unclear if this is currently 
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in the process of breaking apart to a highly fibrillated state or is largely stable in its 
present state.  
Generally these images are a logical continuation of what is seen at earlier 
strains, with significantly increased fibrillation, the breakup of the large crystalline 
regions, and the growth of cracks parallel to the stretch direction. An unexpected 
feature is the structure seen on the centre right of figure 5.19, where the fibrils are 
not aligned with the stretch direction. These appear to form geometric shapes, and 
we refer to them as geometric crazes.  
 
Figure 5.19 –Amplitude (A) and phase (B) images of highly stretched polypropylene. Most of 
the surface is fibrillated with individual crystallites within, there remain crystalline regions, 
the top retains its structure, whereas the bottom has broken apart. On the right in the centre 
of the image are fibrils that are not parallel to the stretch direction, but instead form 
geometric shapes. Scale bars 800 nm. Z scales 620 mv and 40 °. 
 
5.5: Geometric crazes 
Geometric crazes were seen very frequently in all samples at high strain. 
Examples are shown here in figures (5.19-5.21), they do not appear to have been 
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seen before elsewhere, though similar feature were seen in Chapter 6, for 
polyethylene near crack edges. 
 These features consist of regions of the craze where the fibrils are not aligned 
parallel to their neighbouring fibrils, the bulk of which are aligned perpendicular to 
the crazes’ edges. Instead short sections of fibril are arranged in geometric patterns 
at angles to each other and the main parallel fibrils. These features are found to form 
between parallel fibrils in lens shaped formations with thicknesses a few times that 
of the fibrils themselves and lengths of up to a few µm. There tends to be a large 
number of these geometric crazes in the same region.   
There is a phase difference with neighbouring fibrils as can be seen in figure 
5.19 above, indicating they have different physical properties. They are assumed to 
be formed by a combination of localised strains occurring in multiple directions. 
These stresses perpendicular to the stretch direction occur due a mismatch in 
stresses caused by the opening of the crazes. With the crazes not always occurring 
perpendicular to the stretch direction and varying in width within the craze.  
 
Figure 5.20 –Amplitude (A) and height (B) images showing numerous examples of geometric 
crazes with fibrils at different angles to the stretch direction. The feature in the bottom left is 
an imaging artefact.  In the centre right one of the geometric crazes becomes a void 
  114 
indicating that they could act as precursors to large scale void formation. Scale bars 800 nm. 
Z scales 200 mV and 180 nm. 
Figure 5.20 is an example of an image with a large number of these features. It 
can be seen that they do not simply form in lens shaped regions, but can have more 
complex structures. 
At the top of the image is an area where there are a large number of 
crystallites but no geometric crazes, whereas below there are few crystallites near to 
the geometric crazes. This is an observation that is generally repeated, perhaps large 
numbers of crystallites act to hinder their formation.   
The height image allows us to see that the geometric crazes do not differ in 
height significantly to neighbouring fibrils, although they generally appear slightly 
lower. Present within the region with geometric crazes is a number of voids, in 
particular the one on the middle right edge which continues on as a voids a few µm 
in size. This would seem to indicate that these features can later lead to void 
formation. 
Figure 5.21 gives another example of an image with geometric crazes, there 
are not as many as in figure 5.20 but there are still several present, this smaller 
density of the features is perhaps more typical. These share the same characteristics 
discussed before.  
  115 
 
Figure 5.21 – Amplitude (A) and height (B) images showing examples of geometric crazes. 
There is noise present as small diagonal lines. Scale bars 800 nm. Z scales 170 mV and 70 
nm. 
5.5.1: Angular distribution of geometric craze fibrils 
In order to understand these crazes it is useful to understand how they are 
arranged geometrically, as looking at the images it is possible to pick out many 
apparent shapes. To get a clearer picture the angular distribution of these fibrils in 
the geometric crazes was measured. Two different measurements were taken: fibril 
angle relative to both their nearest neighbours at each join, to see if any geometric 
shapes dominate; and also measuring their angle relative to the stretch axis. These 
values were measured by opening the images in Imagej and manually measuring the 
angles with the angle tool and the straight line tool.  
  116 
 
Figure 5.22 – Chart of frequency versus angle to neighbouring fibril for geometric crazes. 
There is a broad peak around 60 °. 
Figure 5.22 shows the angle of the fibrils to its neighbours at each join. This 
shows a fairly broad peak at 60 °. There does not appear to be any significant peaks 
at other geometric angles such as 45 ° or 90 °, although examples of this can be seen 
in images. It is likely they are just cherry picking by the brain. 
Figure 5.23 shows the angle of the fibrils to the stretch direction, this is similar 
to figure 5.22, with broad peaks at 60 ° and 120 °, which are both 60 ° to the 
horizontal, this angle is not in agreement with values for the shear banding angle, or 
any angles in the monoclinic unit cell indicating that is not the cause here. 
An explanation for why 60 ° is the peak angle here is simply due the 
dominance of triangles in the structure of geometric crazes, with them being the 
simplest and strongest shape. If we assume that they are formed by a combination of 
localised strains occurring in multiple directions due to craze openings, then it seems 
they tend to move due to strain until they reach a point where they are supported 



















Angle to neighbour º 
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Figure 5.23 – Chart of frequency versus angle to stretch direction for geometric crazes. There 
are two broad peaks around 60 º and 120 º. 
 
5.7 Summary 
To compare what we have observed to the process described in the chapter 2 
it is useful to set out the sequence of the processes we have seen.  The process has a 
number of differences. An example is shown in figure 5.24.  
At the start, in A the sample is undeformed, it appears to be a kind of 
spherulite structure with individual crystallites separated by thin amorphous regions, 
and incipient crazes. 
When the sample is stretched, in B there is no apparent increase in separation 
between neighbouring crystallites, and there was virtually no deformation seen in 
the crystallites themselves or crystalline regions up to high strains. 
Instead the strain is taken up almost entirely by crazes. These sometimes were 

















Angle relative to stretch direction º 
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places. These primary crazes are initially, long thin and aligned perpendicular to the 
stretch direction.  
As the sample is stretched more, strain is seen to be extremely 
heterogeneous. Within a craze, there may be a significant difference in craze width, 
and nearby crazes can by of very different sizes. Often an area is seen to undergo 
strain and then stop whilst a nearby area undergoes strain in what appears to be 
localised strain hardening. In C the craze is seen to continue to grow and individual 
crystallites begin break off into the fibrils in crazes. 
New crazes appear are seen to form later, rather than just at the start as is 
seen in D and E. In D a secondary craze has formed, secondary crazes form 
perpendicular to primary crazes to relieve strains caused by the primary crazes. In E a 
new primary craze has formed whilst the original craze hasn’t. Within the crazes 
nanovoids are seen to form. 
As the strain increases further the crazes continue to grow and the surface is 
increasing the fibrillated. Geometric crazes are seen in regions of the crazes. 
Individual crystallites continue to break off the crystalline regions, and there is now 
large scale breakup of some areas of crystalline regions into individual crystallites. 
Throughout this the crystallites themselves appear to have undergone little to no 
change.  
At extremely high strains the surface is largely fibrillated, as is shown in F, 
though there are still a number of crystalline regions which remain undeformed. 
There is also large scale cavitation seen, with voids parallel with the stretch direction.  
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Figure 5.24 –An example of the processes seen for polypropylene with increasing strain. A – 
Undeformed, individual crystallites with amorphous regions between them. B – A primary 
craze opens. C – The craze grows and individual crystallites break off into the craze. D – 
Primary craze continues to grow and secondary craze appears. E – A new craze opens, whilst 
the old one don’t undergo significant strain. F – Extreme strain leading to a highly fibrillated 
state. Some crystalline regions remain. Voids appear. 
 
5.8 Conclusions and future work  
The method developed in chapter 3 for observing deformation of polymers in 
situ, on the nanometre scale, was applied to polypropylene. Using this we have seen 
the processes as they occur, these largely agreed with previous studies, but 
important new insights were gained. 
Strain was found to be almost entirely localised to crazes. Crystalline regions 
were found exhibit virtually no deformation, until individual crystallites broke off into 
the craze. At very high strains larger areas broke up into individual crystallites, these 
areas were seen to have a phase difference to undeformed crystalline regions, 
showing their changing material properties as they begin to break up. 
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The crystal blocks within the crazes can be traced back to the individual 
crystallites that form the crystalline regions, without appearing to shrink or undergo 
deformation. Thus it appears they act passively to the processes going on around 
them, which in contrast to the behaviour of lamellae in polyethylene.  
The crazes, and in particular the largest primary crazes, were found to largely 
occur perpendicular to the stretch direction. Secondary crazes perpendicular to the 
primary crazes, were seen, these are formed due to mismatches in strains 
perpendicular to the stretch direction caused by the primary crazes opening. 
 The rate of individual craze growth was seen to vary between neighbouring 
crazes. They are seen to stretch at different times, with one staying relatively static 
whilst another stretches and vice-versa, which demonstrates localised strain 
hardening. 
There are other processes which are seen in other studies which are not seen 
here including deformation banding and wedge formation; these are larger scale 
processes. 
By watching the same areas over time we can begin to understand why the 
crazes form and grow where they do. The primary and secondary crazes are formed 
due to the overall strain, and perpendicular strains caused by mismatches 
respectively, however where they will occur is not clear. Some crazes seem to 
nucleate at defects and incipient crazes before propagating onwards, however this is 
often not the case. Many of the crazes we see here have propagated from outside 
the imaging area, which is sometimes visible in larger images. 
Some crazes, however, clearly start in the imaging area without any defects, in 
fact crazes often choose routes next to but avoiding a defect, even if a nearby defect 
might seem to offer a more obvious route. This may be due to defects below the 
surface of the sample which we cannot see, or it may simply be that defects are not 
that important in choosing the best route to minimise strain.  
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To better understand this in the future it would be useful to repeat this data 
with larger scan sizes whilst still keeping the same resolution. This would increase the 
problem of drift and so to mitigate this higher scan speeds could be used, perhaps 
making use of techniques such as torsional tapping and torsional resonance AFM. It 
would also be useful to take more images in each set to better follow the processes. 
Applying a fitting procedure to follow the movement of the crystallites on the surface 
would also be useful. 
A feature not seen in any previous studies is the existence of ‘geometric 
crazes’, these are  areas within fibrillated regions where the fibrils are not aligned 
parallel to neighbouring fibrils, short sections of fibril are arranged in apparent 
geometric patterns at angles to each other and the main parallel fibrils. Similar 
features are seen in by crack edges in polyethylene in chapter 6.   
They are assumed to be formed by a combination of localised strains 
occurring in multiple directions. These stresses perpendicular to the stretch direction 
occur due a mismatch in stresses caused by the opening of the crazes. In the future it 
would be useful to observe the formation of geometric crazes. This would require 
being able to follow the same area at high strains, and would require stretching the 
sample then choosing the area that was stretching the most to follow.  
Angular analysis, showed the peak of their angles, both to themselves and to 
the stretch direction to be 60°, which is assumed be due the strongest structures 
tending to form, and doesn’t seem to bear any relation to the shear banding angle or 
the unit cell. 
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Chapter 6 – In situ Observation of Fracture in 
Polyethylene Films 
6.1: Introduction 
How a polymer reacts to strain depends on its surroundings. Cracks and holes 
in a polymer will change how it deforms and fractures, by causing changes in the 
stress around the feature, thus creating complex local stress fields with forces of 
both extension and shear present 
Cracks are a key problem for the structure of materials, not just in thin films as 
studied here but for a large range of fields including construction. Cracks can be very 
dangerous, as through fatigue they can lead to failure of the material. It is thus 
important to understand their effects on the microstructure of a material to 
understand its macroscopic properties.  
In this chapter polyethylene film is used with cracks initiated in the sides and 
then stretched. Polyethylene is a simple, well characterised model system to see how 
in situ AFM can add to our understanding of these processes 
Previous studies have been undertaken to study the behaviour of 
polyethylene and other semi-crystalline polymers near a crack. These include SAXS 
[68][74] however these only provide information on changes in structure averaged 
over a large area of the sample. Also imaging techniques including AFM [88] and EM 
[148][149] however they provide snapshots rather than seeing how an area evolves 
with increasing strain, or follow the same area at low resolution. 
6.2: Experimental details 
This experiment uses the same setup as seen in chapters 4 and 5. The same 
polyethylene film as chapter 4 is used, cut into dog bone shapes and attached to the 
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stretching stage. The key difference is that a crack is cut into film. Two cracks were 
cut into the film on either side of the neck to increase the number of samples to 
investigate. The cracks were initially approximately 100 µm in length and 1 µm wide. 
With a total neck width of approximately 1 cm, the cracks were judged to be too far 
apart to influence one another. 
Cracks were cut with either a scalpel or a razor blade. Original a single crack 
was made in the centre of the neck by cutting from above, however this was found 
to produce scratches in the sample at the crack tips, damaging the area that was to 
be investigated. Instead cracks were cut from the sides of the neck, edge on, which 
led to a clean cut, as can be seen in figure 6.1. 
 
Figure 6.1– Schematic of the razor (grey) cutting the film (blue) from the side, edge on. 
 
After this the samples were stretched and left to settle for approximately 30 
minutes before imaging. The stretches were much smaller in macro strain than for 
simple stretched polyethylene as the strain was concentrated by the crack tip.  
Stretching causes both the crack to widen and to propagate forwards, however its 
propagation was much smaller than the widening. An example can be seen in figure 
6.2.  
Leaving the crack to settle caused it to widen slightly, and if left overnight it 
would widen more, indicating that the crack was always moving rather than settling, 
which is as expected [5].  
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Figure 6.2 - Optical images of a crack taken before (left) and after (right) stretching. Note 
that there is little propagation of the crack and it has assumed a rounded rectangular shape.  
  
6.2.1: Strain measurements 
It is important to measure the strain. Methods for measuring this are largely 
as described in chapter 3. The three types of strain described there are: macro strain 
which is measured from the dials of the stretching rig and the initial measurement of 
the neck, optical strain which is measured from 2 points on the sample using the 
AFM optics, and AFM strain which is measured from 2 furthest measurable points on 
AFM images of the sample. 
The material in this chapter is polyethylene, the same as in chapter 4, 
however the crack acts to localise the strain leading to some unique challenges in 
measuring the strain.  
The macro strain has virtually no relation to the strain near the crack and so is 
not useful. The optical strain can be measured either from the breakup of an ink-dot 
or the width of the crack. The ink-dot was found to be superfluous for both strain 
measurement and finding the same area and so was not used for later experiments. 
This strain is a useful measure, but has little relation to the strain on the lamella scale 
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which is highly localised by the crack tip and varies greatly within a few µm. AFM 
strain measurements were thus used. 
The strain values could only be calculated in sets of images where the same 
area was imaged as it stretched. In single images or sets approaching a crack edge 
this could not be achieved. It is possible to estimate the strain by comparing the 
images to those that are part of sets, however this was found to be highly subjective 
and so is not shown here.  
 
6.3: Single AFM images of polyethylene near the edge of a 
crack 
To start with individual images were taken in various places near the crack. 
The degree of deformation was found to vary greatly with distance from the edge. 
Figure 6.3 shows an image taken a significant distance from the crack edge, 
approximately 100 µm. At this distance there is no deformation seen, the area here 
is similar to the bulk of the neck, in that it is essentially undeformed polyethylene 
which matches with the images seen in chapter 4. How the deformation varies with 
distance from the edge can be better seen later on in section 6.5.  
The sample consists of crystalline lamellae and small amorphous regions 
between them, the lamellae appear as bright lines and the amorphous regions as 
thin dark areas between them. Here the lamellae are largely edge on and thus 
appear as sharp lines; initially they are generally aligned perpendicular to the stretch 
direction with some deviation. At this stage there is no fragmentation of lamellae, 
nanovoiding or fibrillation present and the lamellae are largely straight.  
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Figure 6.3 – Height (A) and amplitude (B) images taken approximately 100 µm from the 
crack tip. This area shows no visible deformation, demonstrating the small scale effect of the 
crack tip’s presence. Scale bar 800 nm. Z scales 270 nm and 840 mV. 
Figure 6.4 was taken nearer to the crack tip, approximately 8 µm away. Here 
significant deformation can be seen. The lamellae have separated from their 
neighbours; they have undergone significant tilting and rotation to align with the 
both overall stretch direction and the edge of the crack tip. There are some small 
voids and crazes, as well as some fragmentation of lamella into smaller blocky 
elements with fibrils formed between them.  
The bottom of the image is closer to the crack edge, which leads to a general 
increase in deformation. This is visible on this length scale, with the lamellae more 
aligned with the crack edge; this transition, however, is not very uniform.  
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Figure 6.4 – Height (A) and amplitude (B) images taken approximately 8 µm from the crack 
tip. Scale bar 800 nm. Z scales 200 nm and 700 mV. 
 
 
Figure 6.5 - Height (A) and amplitude (B) images showing the edge of the crack tip at the 
bottom of the image. Scale bar 800 nm. Z scales 200 nm and 500 mV. 
Figure 6.5 was taken at the edge of the crack tip, which is visible at the bottom 
of the image where the AFM cannot track the surface any more. The film has now 
transitioned into a new state which is almost completely fibrillated with a large 
number of blocky elements, which have formed from the lamellae. The fibrils are 
highly ordered and are well aligned with the crack edge.   
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The film near the crack edge has a lot of similarities to the end stage 
deformation of stretched polyethylene as seen in chapter 4; the key difference is that 
here the fibrils are more closely spaced, with a lack of voids present. This is likely due 
to the confining effect of the crack edge, as well as any effects due to shear.  
Figure 6.6 was taken near the left side of the tip of the crack, approximately 
10 µm from the edge. The image is of low quality with a large number of lines and a 
failure to track the surface on the left side of the image. This is because there is 
significant difficulty in taking images near the sides of the crack as the film is not well 
supported and so is prone to be moved by the AFM. A change in scan direction to 90° 
was tried, but didn’t help imaging. Another example of an image from the side of the 
crack tip can be seen in figure 6.11 later on. 
Nevertheless, the images allow us to see what occurs at the sides of the crack 
tip, the left side of the image is further from the edge, here the lamellae are aligned 
roughly horizontally and are relatively undeformed. On the right side the lamellae 
are aligned roughly vertically, with the crack tip. They have begun to break up into 
blocky elements and the area is highly ordered. There appears to be a faster 
transition from undeformed to highly aligned, than in areas in line with the crack tip.   
 The fact that the lamellae are aligned with the crack edge shows that the 
strain caused by the crack edge is much greater than the overall strain. It also shows 
that the film is deformed parallel to the edge, rather than simply pulled apart. This is 
in agreement with the literature [68].  
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Figure 6.6 - Height (A) and amplitude (B) images taken 10 µm from the left side of the crack 
tip. Scale bar 800 nm. Z scales 650 nm and 800 mV. 
Taken together these images give us an idea of the strain map around a crack 
tip. The strain is largely parallel to the crack edge and decreases with distance. In 
areas in line with the crack the deformation continues much further out. This implies 
a flow of material towards the tip. 
 
6.3.1: Well defined white areas at the end of cracks with high uniform 
deformation 
When looking at the cracks optically there is usually a white area at the end of 
the crack tip. This is optical whitening, indicating that this area is highly deformed 
and there are roughly micron length features scattering the light. In many cases 
there is a large well defined white area within which there is a sustained high 
deformation that appears relatively uniform, these are approximately 100 µm in size.  
This can be seen optically in figure 6.7, comparing it to figure 6.2 we can see that the 
white area is clearer, larger and its edges are better defined.  
It is not clear what triggers the formation of this structure. It was thought that 
it might be formed when the crack is cut with a blunter object due to greater 
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multiaxial forces, however testing with a sharper razor and a blunter scalpel both led 
to the formation of both types of regions. 
 
Figure 6.7 –Optical image of a crack with a white area at the crack tip. The white area is 
much larger and clearer than in figure 6.1.  
Figure 6.8 is a 10 µm image taken in the centre of a white area. It shows the 
structure with the lamella have completely broken up into widely spaced blocky 
elements and a completely fibrillated surface. This is similar to the structure at the 
crack edge though less closely packed.  
There is also some larger scale structures of less deformed material with 
lamellae still intact, this is clearest as the white band in the bottom of the height 
image which is higher than the surrounding highly deformed material.   
Over the scale of the image it is relatively uniform, with no clear difference in 
deformation between the top and bottom of the image. This remains similar 
throughout the entire white area. 
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 Figure 6.8 – Height (A) and amplitude (B) images taken within the white area. Scale bar 2 
µm. Z scales 210 nm ad 710 mV. 
A 4 µm image is seen in figure 6.9 which is from a different sample; this allows 
us to see more details of these areas. The surface is almost entirely fibrillated, with 
the blocky elements, which are the remains of the lamellae, within them. The 
features are generally aligned with the stretch direction and crack edge. 
Different regions within the image have different characteristics. In the 
bottom half and top left the fibrils are tightly packed and well-ordered and there is 
little space between blocky elements. 
Most of the top half of the image has a different structure, with the main long 
fibrils parallel to the stretch direction with significant separation from each other, 
and with widely spaced blocky elements.  
Between the main fibrils are regions where the fibrils are not aligned parallel 
to their neighbouring fibrils, instead short sections of fibril are arranged in geometric 
patterns at angles to each other and the main parallel fibrils. We refer to these 
formations as geometric crazes, this is the same name we use to refer to similar 
features in Chapter 5 in very highly stretched polypropylene. They do not appear to 
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have been seen elsewhere before. Geometric crazes do not only occur in these highly 
defined white areas, but can be found in other highly stretched areas. 
 
Figure 6.9 - Height (A) and amplitude (B) images taken within the white area. Scale bar 800 
nm. Z scales 100 nm and 400 mV. 
6.4: Geometric Crazes 
Geometric crazes were found to occur very frequently in most samples at high 
local strain. There are many examples shown throughout the chapter, in figures (6.9-
6.11, 6.14-6.18 and 6.22-6.23)  
Figure 6.10 is a zoom in on a region in the top left of figure 6.9, an area 
dominated by geometric crazes. This is a pattern that is seen often, there tends to be 
a large number of these geometric crazes in the same region and large regions 
without any, indicating that local conditions lead to their formation.  
The features are seen to form between widely spaced main fibrils in large 
formations of varying size and shape. The regions are longer in the direction of strain 
and can range up to half a µm in width and a few µm in length. 
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The individual fibrils are approximately 20 nm in length and a thickness of a 
couple of nm, they are usually significantly thinner than the main fibrils. The fibrils 
are arranged so that they are connected to nearby fibrils at points, and the angles of 
the fibrils relative to each other appear in many instances to be forming fairly regular 
shapes.  
There are no blocky elements within the geometric crazes, they exist only on 
the main fibrils, which are widely spaced near geometric crazes indicating that the 
local strain is higher.  
 
Figure 6.10 - Height (A), amplitude (B) and phase (C) images centred on a region of 
geometric crazes. Scale bar 300 nm.  Z scales 40 nm, 160 mV and 70°. 
  134 
Figure 6.11 shows an example of geometric crazes occurring in an area of the 
sample to the side of the crack tip, where the main fibrils are aligned vertically. They 
once again occur between the main fibrils and occur at a range of angles. Their 
presence here shows that geometric crazes don’t only occur in line with the crack tip, 
with the conditions also occurring here. 
The geometric crazes here are simpler and they exist as long thin areas 
between fibrils, however this may just be coincidence as it is the only image of 
geometric crazes at the side of the crack tip.   
 
Figure 6.11 - Height (A) and amplitude (B) images taken on the left side of a crack tip. Some 
geometric crazes are seen here. Scale bar 300 nm. Z scales 530 nm, 1600 mV. 
 
6.4.1: Angular analysis of the geometric crazes 
 To help understand these crazes it is useful to analyse them 
geometrically. Looking at the image such as figure 6.10 it is possible to pick out many 
apparent shapes, but to see what, if any, shapes dominate an angular distribution of 
the fibrils was undertaken. 
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The process was the same as in chapter 5, with Imagej used to manually 
measure angles on areas of geometric crazes within images, the values for a number 
of images were collected and the data for all of them are shown on the graphs here. 
Once again two different measurements were taken, one for the angle of a fibril 
relative to the stretch axis and one for the angles between joins.  
Figure 6.12 shows the angle of the fibrils to its neighbours at each join. This 
shows the main peak at 40º and a secondary peak at 80º with other possible peaks at 
further multiples. This pattern was seen in all images investigated. 
 
Figure 6.12  - Chart of frequency versus angle to neighbouring fibril for geometric crazes. 
There are large peaks at 40º and 80 º. 
 
Figure 6.13 shows the angle of the fibrils to the stretch direction, it shows five 
peaks roughly evenly spaced. 180º/5 = 36º and so these values are consistent with 
figure 6.12, which had a primary peak at 40º. This angle is somewhat similar but not 
in agreement with values for the shear banding angle indicating that is not the cause 
here. 
There was some variance in individual images, all had five visible peaks. In 
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significantly larger than the others.  This variance shows a dependence on the local 
conditions.  
These results are very different to those seen for the geometric crazes in 
polypropylene in chapter 5, where there were broad peaks around 60 ° and 120 °. As 
to why the principle peak here is 40 ° instead of 60 ° we don’t know, other than the 
different material properties lead to different outcome. The angles do not seem to 
agree with the shear banding angle or any angles in the monoclinic unit cell or 
orthorhombic unit cell. 
 
Figure 6.13 - Chart of frequency versus angle to stretch direction for geometric crazes. There 
are five peaks roughly evenly spaced.  
   
6.5: Sets of neighbouring images approaching a crack edge 
To get a better picture of how the deformation varies depending on position 
relative to the crack, sets of images were taken of neighbouring areas. This was 
achieved by imaging an area then offsetting to what should be the area bordering it 
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how the sample changed with distance to the crack. As an open loop scanner was 
used there was usually significant overlap between neighbouring images. 
Figures 6.14 and 6.15 show a set of images, in both height and amplitude, 
which head towards the edge of a crack without a defined white area. The images 
have been overlaid to form one continuous image. From top to bottom there is a 
significant change in deformation.  
At the top, in the first couple of images, the sample exhibits some 
deformation but it is not that substantial despite only being approximately 20 µm 
from the crack edge. The lamellae here show more spacing and alignment to the 
stretch direction than in undeformed areas, many lamellae are buckled to form 
chevrons. A number of small voids and crazes are present.  
Further down the deformation increases, with the lamellae becoming 
significantly more aligned with the crack edge, because of this there are significantly 
fewer buckled lamellae as the sample becomes more ordered. The small voids and 
crazes disappear to be replaced by larger fibrillated areas. After aligning with the 
crack edge lamellae start to break up into individual blocky elements.  
At the bottom of the set near the crack the system is highly ordered, with the 
surface completely fibrillated, the fibrils all align with the crack edge and are closely 
packed. Blocky elements are highly spread out along the fibrils. Some geometric 
crazes can be seen in these regions.  
This set is useful as it shows the scale over which these changes in 
deformation occur. It also shows that there is not a uniform progression of 
deformation; some areas can seem more deformed than the areas below them, such 
as the top of the section on the right compared to the area directly below.   
The images also show the scale of the drift of the system. This can be seen 
from the position of the images relative to each other, as subsequent images are 
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slightly to the side of the previous image. Each image took 1024 seconds, 17.1 
minutes, during which there is a drift of approximately 200 nm, which is 
approximately 10 nm/min.  
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Figure 6.14 – Set of overlapping amplitude images heading towards the crack edge on a 
crack without a defined white area. Each individual image is 4 µm, scale bar 800 nm. Z scale 
500 mv. (Left) set in full, (centre and right) set split in two to see it at a larger scale. Same set 
as in figure 6.15. 
 
Figure 6.15 - Set of overlapping height images heading towards the crack edge on a crack 
without a defined white area. Each individual image is 4 µm, Scale bars 800 nm. Z scale 200 
nm. (Left) set in full, (centre and right) set split in two to see it at a larger scale. Same set as 
in figure 6.14. 
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Figures 6.16, 6.17 and 6.18 are two sets both taken on the same sample. 
Figure 6.16 show the height and amplitude channels for a set of images moving from 
next to the defined white area to within it, in line with the crack, figure 6.17 shows a 
blown up version of the amplitude channel. Figure 6.18 is a set further down, from 
the white area to the crack edge.  
At the top of figures 6.16 and 6.17 the set starts similarly to figures 6.14 and 
6.15, with the sample showing moderate deformation. The deformation appears 
smaller here as it is further from the edge to the white area than they are to the 
crack.  
Further down the deformation increases, largely as seen before, with an 
increase in alignment of the lamellae and a close packing of them, after which they 
begin to break up into blocky elements. The change in deformation with distance is 
similar to in figures 6.14 and 6.15 indicating there are similar mechanisms at work.  
Towards the bottom of the set there is a cross over into the well-defined 
white area. From the optical image it is not possible to tell when this occurs. 
However in figure 6.17 in the middle of the right section there is a sharp black line 
which seems to provide the edge, this is also visible in the height where the AFM 
tracking goes bad, possibly because of a drop in height. 
After the edge there is a clear change in the structure. It now matches that of 
previously seen white areas, which have a highly fibrillated state with blocky 
elements and the fibrils less closely packed than at craze edges.  On the left side here 
there is also a less deformed band where the surface resembles the surface above 
the edge, this has been noted before in figure 6.8. Further down geometric crazes 
are seen, otherwise the structure does not appear to change significantly going 
further into the white area.  
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Figure 6.16 - Set of height (left) and amplitude (right) images on a crack with a well-defined 
white area, heading towards and over edge of the white area. Enlarged amplitude set in 
figure 6.17. The height shows poor tracking on the left of some images as retrace was saved 
rather than the trace. Each individual image is 4 µm, scale bar is 800 nm. Z scales 550 nm 
and 800 mV. 
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Figure 6.17 - Set of amplitude images on a crack with a well-defined white area, heading 
towards and over edge of the white area.  Set split in two to see it at a larger scale. Each 
individual image is 4 µm, scale bar is 800 nm. Same set as in figure 6.16. Z scale 800 mV. 
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Figure 6.18 is a set of images heading from within the defined white area to 
the crack edge. For most of the set the structure is very similar to that seen in other 
images on white areas, with highly aligned fibrils, blocky elements and geometric 
crazes. This set starts approximately 100 µm below figure 6.17, yet the structure 
hasn’t changed. This shows that throughout the white area there is a relatively 
uniform level of deformation and that this is the case even at both larger and smaller 
length scales. 
Near the crack edge there are some changes in the structure, with the blocky 
elements appearing smaller and the fibrils less widely spaced. There are also larger 
structures associated with the crack edge. 
Horizontal sets were attempted, approaching the crack edge from the side. 
These, however, suffered significant imaging problems close to the edge as 
previously discussed and so are not presented. 
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Figure 6.18 - Sets of height (left) and amplitude (right) images on a crack with a well-defined 
white area, heading from the white area towards the crack edge. Last image in the set could 
not be opened in Nanoscope was plotted with Gwyddion instead. Each individual image is 4 
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6.6: Sets taken in the same area as the film is stretched  
 To understand what is going on it is important to take sets of images at the 
same place so we can watch the processes as they occur.  This was achieved using 
the same technique seen in chapters 4 and 5. A suitable area was found, then a 
fiducial mark was made by the scratching the surface with an AFM tip. The tip was 
replaced and the investigated area was imaged, the sample was then stretched and 
left to settle. The same area was found using the fiducial mark and imaged again, this 
process was repeated until the area was so deformed the fiducial mark could not be 
found and recognised.  
Originally an ink-dot was used as a larger scale fiducial mark as in chapters 4 
and 5, however the crack tip was found to serve this function more accurately and 
more easily and so the ink-dot was no long used.  
Sets of images of several sizes were taken zooming in on the investigated 
area, at sizes of 10, 5, 2.5 and 1.5 µm. These images were all taken with a pixel 
density of 512. 
As the sample is stretched the crack both widens and propagates forward 
slightly. This is a potential problem when imaging in the same spot as the imaging 
area could be pulled apart between images. The extent of propagation could not be 
seen in the optical images, it was seen to be fairly small and was assumed to be on 
the order of 10s of µm. This was later seen to be false as seen in figure 6.20 where 
the propagation is seen to be significantly smaller. 
Nevertheless, to help combat this, the early sets were situated 10s of µms 
away from the crack edge and small strains were used. An example of this is seen in 
figure 6.19, the investigated area was initially approximately 50 µm away from the 
crack edge.  
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The same processes seen in simple stretched polyethylene in chapter 4 are 
also seen here.  Lamellae are seen to separate, increasing their long period, which is 
due to elongation of amorphous tie chains. They tilt and rotate, which is caused by 
fine crystal slip, to align with the stretch direction, which is horizontal. They largely 
align with neighbouring lamellae, rotating in stacks. This also leads to buckling to 
form chevrons. Nanovoids are seen which lead to craze formation and growth, in 
particular the large central craze. There is also the start of fragmentation into blocky 
elements. 
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Figure 6.19 –Series of height images of polyethylene deformation near a crack tip. Tip 
artefact produces the blocky texture seen. Strains of 0, 3, 6, 12, 23 and 125%. Scale bars are 
300 nm. Z scales 200, 100, 100, 100, 100 and 150 nm. 
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A key difference to what is seen with stretched polyethylene is the large scale 
rotation seen in the images over the entire image, this is due to shear. This occurs as 
the crack tip causes a complex local strain field consisting of both biaxial stretch and 
shear forces. Not present in this set is late stage deformation which is seen in images 
above, this includes the transition to a close packed highly fibrillated structure and 
the formation of geometric crazes within it.  
In order to see the late stage deformation processes images were taken closer 
to the crack edge, figures 6.20-6.25 are all from the same experiment. 
As seen in figure 6.20, the area was initially approximately 15 µm from the 
crack edge, and at the 4th image it was approximately 12 µm away, showing very 
little propagation. This allowed higher strains to be seen. 
 
Figure 6.20 – Height images showing the distance to the crack edge of the investigated 
region at the start (A) and by the 4th image in the set (B). The investigated region was 
directly below the fiducial mark (highlighted). At the bottom of each image is the crack edge. 
Strains at investigated region of 0 and 51%. Scale bar is 8 µm. Z range 1100 and 3500 nm. 
Figure 6.21 shows the set of 10 µm images taken. At the centre top of each 
image is the end of the fiducial mark, however due to the nature of the deformation 
the other areas of the image are not constant, with the investigated area shown in 
figure 6.24, which is to the right of Y, having moved off image by the D. The fiducial 
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mark, labelled W, acts as the fixed point to these images relative to which the rest of 
the image moves.  
 At the top of the image the features present in A are still there in the last 
images albeit with significant deformation seen, including lamellae separation and 
rotation and the formation of a number of crazes and voids.  
Within the images the group of lamellae labelled X moves a little closer to the 
fiducial mark but largely keeps its place. It undergoes large deformation, with the 
bottom of the feature moving to the left. 
The group labelled Y starts on the left of the image slightly below the halfway 
point. Throughout the set it moves up and to the right, ending to the right of X. 
Larger deformation can be seen with the lamellae all rotating to align with the 
stretch axis. 
The group labelled Z starts in the bottom right of the image, it moves up and 
to the right, ending on the right side of the image, to the right of the other features. 
The area undergoes even more deformation with the lamellae highly aligned with 
the stretch axis and spread out. 
Below these features in E and F are new areas which have appeared from off 
image to the left and below, this region is almost completely aligned and well-
ordered and will be near to the crack edge. The area is also seen to move up and to 
the right between images.  
The movement of these individual areas show us how deformation takes place 
for the overall image. There is an overall movement of the features of up and to the 
right, with a much larger movement horizontally than vertically. The investigated 
area is presumably slightly to the right of the centre of the crack tip, if it were on the 
left the features would presumably move to the left. 
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Movement is larger close to the crack, which will fade away to no movement 
in the undeformed areas a long way from the edge. This leads to an overall apparent 
tilting movement which is shear banding.  Deformation is seen to occur at all points 
in this image but is much larger closer to the crack edge as expected.  
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Figure 6.21 –Series of height images, taken close to the crack edge. Same area as figures 
6.22 and 6.24. Strains of 0%, 4%, 18%, 51%, 71% and 98%. Scale bar is 2 µm. Z scales 450 
nm. 
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Figure 6.22 is the set of 2.5 µm images, it has a higher resolution than figure 
6.21, allowing us to see the details of the deformation processes more easily, though 
not as well as figure 6.24.  The deformation processes seen in figure 6.19 are seen 
here. We can watch individual lamellae separate from their neighbours, undergo 
rotation and buckling and begin to break up into blocky elements. We also see 
significant shear with the bottom of the image moving significantly more to the right 
than the top.  
Of unique interest are the features in the top right corner of the images where 
we can see geometric crazes forming and growing. These are clearly present in the 
later images of the set. In order to better understand what is happening the relevant 
areas from figure 6.22 were digitally zoomed in, the amplitude channel was used as it 
made the geometric crazes easier to see. These are displayed in figure 6.23.  
As the set continues the deformation changes the imaging area, firstly it gets 
wider to try to keep the same features in view; secondly some features are lost off 
the edge of the image.  
There are three main areas in these images where geometric crazes are 
formed: on the top left which is to the left a patch of vertically aligned lamellae 
above the blue dot; and on the top right, which is to the right of that patch. The final 
area ends in the bottom left of the image but starts at the bottom in the centre, to 
the right of a right angle of lamellae. 
In A, in the top left and right areas there are some small voids and simple 
crazes which will lead to geometric crazes; in the bottom area however there are no 
voids and no clear indication that this area will form them. By B the original voids and 
crazes have grown slightly, and there is a new void on the right of the top right area.  
By C there has been significant changes, the previous voids have now all 
grown to form simple crazes, some of these are normal and some are geometric. In 
the bottom area some voids and crazes have formed. By D the top crazes grow 
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without getting any more complex, at the bottom they have grown with the creation 
of a larger geometric craze. By E the crazes have grown even more, at the centre top 
of the image nearby crazes have merged to form a single, more complicated 
structure 
This set shows geometric crazes forming from earlier voids and simple crazes, 
they occur both from the merging of nearby crazes and from growth of a single 
craze. These voids and crazes are seen to form at different times and different 
deformation levels, with the bottom one forming later despite being in a more 
deformed region.  We cannot predict beforehand where these will form. It is 
assumed that geometric crazes are formed by a combination of localised strains 
occurring in multiple directions. 
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Figure 6.22 - Series of 2.5 µm height images, taken close to the crack edge. Same area as 
figures 6.21 and 6.24. Strains of 0%, 4%, 18%, 51% and 71%.  Scale bar is 800 nm. Z scales 
220 nm. 
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Figure 6.23 –Digitally zoomed in sections from the 2.5 µm set of amplitude images which 
correspond to figure 6.22. Blue dots in same place.  All images same scale. Images don’t 
show exactly the same region due to movement of features between images. Strains of 0%, 
4%, 18%, 51% and 71%. Scale bar is 800 nm. Z scales 400 mV. 
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Figures 6.24 and 6.25 shows the set of images for 1.5 µm, it is higher 
resolution than figure 6.22 and so allows more study of the deformation process. 
Geometric crazes are not seen in most of these images.  
The same processes seen before are also present here. At the start the area is 
already slightly deformed by its proximity to the crack edge, with a number of crazes 
present, in particular the large one in the bottom right, and many lamellae showing 
some buckling. These crazes are roughly 100s of nm in size, perpendicular to the 
stretch direction and of roughly ellipsoidal shape 
As the crack widens we see further deformation with the lamella starting to 
align heavily with the crack edge. Neighbouring lamellae tend to align with each 
other rotating in stacks. Once they are largely aligned with the stretch direction they 
begin to slip against their neighbours. 
Initially the crazes are seen to widen however later they appear to rotate with 
the neighbouring lamella, eventually becoming long in the horizontal direction but 
thin in the vertical direction as they are squeezed by the relatively closely spaced 
lamellae. The fibrils within a craze are already roughly aligned with the stretch 
direction and do not rotate. 
At the later stages the lamellae that are aligned begin to breakup into blocky 
elements, caused by coarse chain slip. Shear is once again seen with the bottom of 
the image moving significantly more to the right than the top. 
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Figure 6.24 - Series of height images, taken close to the crack edge. Corresponds to figure 
6.25. Same area as figures 6.21 and 6.22. A damaged tip in the last image produces a poor 
quality image. Strains of 0%, 4%, 18%, 51% and 71%. Scale bar is 300 nm. Z scale 160 nm. 
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Figure 6.25 - Series of amplitude images, taken close to the crack edge. Corresponds to 
figure 6.24. A damaged tip in the last image produces a poor quality image. Same area as 
figures 6.21 and 6.22. Strains of 0%, 4%, 18%, 51% and 71%.  Scale bar is 300 nm. Z scale 240 
mV. 
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6.6.1: Mapping lamellae movement between images using a mesh of 
points  
To extract more information from the images, the 1.5 µm set from figure 6.24 
was fitted with a mesh of points which allows the movement of lamellae and other 
features throughout successive stretches to be followed and mapped. The process is 
the same as described in chapter 4.  
Figures 6.26 and 6.27 both show the same set of data in two different ways 
using the scatter and quiver functions respectively. The two methods have different 
strengths, with scatter best for seeing large scale movements and quiver best for 
small scale deviations. In figure 6.28 the arrows were overlaid on the images in order 
to see movement better. The arrow size shows the movement relative to the centre 
of the image, not relative to its neighbouring region, so it is useful to compare arrow 
size to its neighbours. 
Most interesting is the overall movement of the lamellae, generally the top of 
the image moves left whilst the bottom moves right which is a clear depiction of 
shear. This is in contrast to stretched polyethylene which is seen in chapter 4. There 
the region stretches so that the lamellae move away from the centre in the stretch 
direction and towards the centre perpendicular to it, with magnitudes which are 
larger further from the centre, and the horizontal movement being much larger than 
the vertical. 
There is both tensile strain and shear seen here, which is seen to be strongest 
in the earlier images. In the first image, at the top the left areas moves to the left 
whilst the right is relatively stationary, and at the bottom the right areas move right 
whilst the far left moves left. This is in agreement with a superposition of tensile 
strain and shear. The change of strain between images decreases with increased 
deformation, so in the final image the effect is less visible.  
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We can also see smaller scales variations, which are often due to craze growth 
and rearrangement. This is clearest in the movements of the separate group in the 
bottom left, which is due to the craze opening to its right. The individual movement 
of lamellae here is much more complex than would be seen by averaging techniques 
describing the overall effect. 
 
Figure 6.26 - A series of images showing the movement of lamellae between images in line 
with the stretch direction. This corresponds to figure 6.27. Here represented as coloured 
circles. Yellow circles move to the right and blue moves to the left. It has 4 images instead of 
5 as it displays the difference between two images. 
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Figure 6.27 - A series of images showing the movement of lamellae between images. Here 
represented as arrows. This corresponds to figure 6.26. The size of the arrows represents the 
magnitude of its movement. It has 5 images instead of 4 as it displays the difference 
between two images. 
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Figure 6.28 - Series of 1.5 µm images overlaid with arrows showing the movement of the 
lamellae between successive images. The base images are seen in Figure 6.24 and the 
arrows are from figure 6.27. 
 
6.8: Conclusions and future work 
The previously developed method was applied to study the effect of crack 
edges on polyethylene deformation and fracture. Previous studies used methods 
such as SAXS which only collect information averaged over a large area; or fairly low 
resolution snapshots with microscopy techniques such as AFM. The unique aspect of 
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this work is that it was possible to take nanometre scale images near a crack edge, 
both mapping spatially and watching the same area evolve with increasing strain.   
A distribution of both strain and thus stress, which varied with both 
magnitude and orientation, was seen around the crack tip. This was found to largely 
agree with previous studies, with the stress aligned with the crack edge and 
decreasing with distance over the scale of 10s of µms. This kind of distribution 
implies a flow of material towards the tip. 
A key exception to this was the existence of large (~100 µm) areas of 
uniformly high deformation which appeared at the end of the crack tip and had 
somewhat sharp boundaries to the rest of the film. This is likely caused by multiaxial 
strain. 
The deformation processes occurring are similar to those seen in chapter 4 for 
stretched polyethylene including the existence of crazes, a difference being the large 
scale shear seen throughout. Also within a couple of µms of the crack edge, the 
surface was completely fibrillated, with closely packed fibrils aligned with the edge, 
there are no voids here, they appear to have been closed up by the shear forces from 
the edge.  
In highly stretched regions ‘geometric crazes’ have been seen, these are  areas 
within fibrillated regions where the fibrils are not aligned parallel to neighbouring 
fibrils, instead short sections of fibril are arranged in apparent geometric patterns at 
angles to each other and the main parallel fibrils. These features have not been seen 
in previous studies, they would not be visible in spectroscopy methods or in low 
resolution microscopy.  It is assumed that they are formed by a combination of 
localised strains occurring in multiple directions caused by the crack tip. 
The geometric crazes are similar to features seen for polypropylene in chapter 
5. Here they are generally larger and more complex, and so have a difference in most 
common angles between fibrils. It is not clear why exactly these differences occur, 
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obviously they stem from the difference in material properties, with polypropylene 
being more brittle and thus they perhaps have less room to grow.  
In the future it is important to investigate further how these geometric crazes 
form and grow and so more sets close to the crack edge could be taken. In particular 
it is important to capture high resolution sets of images and so these at larger scales 
would be used. These images would be fitted with meshes of points to help 
understand the process. An automated fitting procedure would help here, both to 
increases accuracy and consistency and to allow the fitting of larger scale images. 
These procedures would also be useful in understanding the development of the 
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Chapter 7 – Preliminary study of the application of 
Torsional Resonance AFM to polymer structures 
7.1: Introduction 
This chapter explores some of the uses of Torsional Resonance mode (TR) 
AFM. TR is a dynamic AFM mode similar to tapping mode, except instead of being 
oscillated flexurally the cantilever is oscillated torsionally about its long axis, causing 
the tip to oscillate parallel to the surface with a small dither motion. 
Two different TR cantilever holders were used here. A custom built holder 
using an ‘oppositely poled piezos’ setup and a commercial holder which used a ‘two 
piezos two signal’ method. 
TR has a number of potential advantages compared to tapping mode including 
higher sensitivity and stability, and a large phase contrast. These advantages can be 
useful for imaging, force curves and measuring surface properties. It also has the 
potential to sense in-plane forces and allows us to learn about the environment 
above the surface of the sample.  
The original aim of the work in this chapter was to use TR to investigate 
molecular water structure on surfaces, its variations with the local hydrophilicity of 
the surface, and how this would affect imaging with AFM. However the focus shifted 
to exploring TR sensitivity to in plane forces on scales below a nanometre and using 
this to measure molecular orientation of chains within lamellae in polyethylene, 
however the measurement of orientation was not clear. 
The original aim builds on previous work by Nic Mullin [116][127][150], who 
used both TR and torsional tapping (TT). His interest was in using them for high 
resolution imaging; this was only achieved on hydrophobic surfaces. It was thought 
this might be due to a difference in molecular water structure, with less orientation 
allowing better imaging.  
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To study this TR force curves have been taken, allowing a study of molecular 
scale water layering on surfaces with differing chemistries, both hydrophobic and 
hydrophilic. A number of samples have been studied including patterned self-
assembled monolayers (SAMs) which have well controlled surface chemistry, as well 
as simpler surfaces of mica, silicon and highly oriented pyrolytic graphite (HOPG). 
Later TR is used to measure molecular orientation by differences in phase when the 
chains are aligned with the dither direction. 
 
7.2: Experimental 
In this project two AFMs with different methods of operation have been used, 
both of which operated in ambient conditions. The first of which used a Bruker 
Multimode AFM, it made use of Nanoscope software 5 with a NanoScope 3a 
controller and could not operate in TR mode natively and so was modified to operate 
in TR mode. It used a rectangular silicon nitride Bruker TESPA cantilever with a 
flexural spring constant of approximately 40 N/m.  
The AFM was set up as shown in figure 7.1 in an ‘oppositely poled piezos’ 
setup. The system is driven by the sinusoidal tapping mode signal from the Bruker 
Multimode, and converted to a torsional action via a custom built holder. The holder 
contains two oppositely poled piezoelectric actuators with a stiff glass rocker 
between them, when receiving the same signal one will expand whilst the other 
contracts thus creating a 180° phase shift between opposite ends of the stiff bridge, 
which causes torsional motion of the cantilever. The tip was bonded to the glass 
rocker using a UV curing epoxy resin (Norland NOA81); which had two advantages 
over superglue, it allowed more time for accurate tip placement and it eliminated tip 
contamination due to outgassing.  
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Figure 7.1 – A schematic diagram of the ‘oppositely poled piezo’ method used to produce 
torsional oscillation. Reproduced from [116]. 
The optical beam bounce allows measurements of both flexural and lateral 
deflection of the cantilever. However the controller only allows access to the flexural 
signal. To operate in TR mode the torsional deflection must be collected. It is possible 
to collect this by modifying the flexural signal. 
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Figure 7.2 – A diagram of the movement of laser spots on a four split photodiode in response 
to torsional (left) and flexural (right) AFM tip deflections.  
 The photodiode is split into four sections as seen in figure 7.2, for each 
section the amount of light falling onto them is proportional to the current created; 
these currents are then converted to voltages; and from these values the normalized 
flexural and torsional deflection, in volts, are given respectively by:  
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(7.3) 
where V denotes a voltage and the subscript denotes the corresponding 
photodiode section.  
By comparing equations 2 and 3 it can be easily seen that interchanging Vc and 
Vb converts one equation to the other. Thus a connector cable was used to 
interchange these two signals between the optical head and the microscope base. 
This caused the microscope’s detection and feedback electronics to act upon the 
torsional deflection in the same way as they would the flexural signal.  
Later another AFM was used, a Bruker Dimension ICON. This had the 
advantage that TR mode can be performed natively, without the use of a custom 
holder or patch cable. This is possible because it comes with a pre-built holder which 
is a split piezo, it has two piezoelectric actuators which are poled the same way. 
Separate drive signals approximately 180° out of phase are sent to the actuators 
causing them to expand and retract out of phase, creating torsional excitation of the 
cantilever as is seen in figure 7.3.  
In a perfect world the two actuators would be identical and thus they could be 
driven by signals of the same amplitude with a 180° phase difference. In reality the 
actuators are likely to be of slightly different sizes, positions and may be bonded 
differently; all of this should be accounted for in order to determine the optimal 
drive signals.  
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Figure 7.3 – A schematic diagram of the ‘two piezos two signal’ method to produce torsional 
oscillation. Reproduced from [116]. 
This is achieved using a feature in the software known as TR balance, here 
a balance mode control unit is used to adjust the amplitudes of the two drive signals 
in order to maximise the torsional response at a given drive power. The balance tune 
runs on a scale of 0 – 10 V, with 5 V being where both drives receive the same drive 
signal; and 0 and 10 is where only 1 actuator is in operation. Typically TR balance 
chooses values close to 0 or 10 V. 
 
 7.2.1: Self-assembled monolayers 
Patterned self-assembled monolayers (SAMs) are useful samples for imaging 
as they can easily produce surfaces with differing chemistry and reasonably sharp 
interfaces between them. A SAM is a monolayer assembly of molecules which forms 
spontaneously, via self-assembly on a substrate. Individual molecules consist of three 
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parts: a head group which binds to the surface, a long tail which drives self-assembly 
by Van der Waals interactions with neighbouring molecules and a functional group 
which determines the surface properties of the monolayer. 
The SAMs used here are alkane thiols, which consist of: a thiol head group 
which will bond to a gold substrate, long alkane chains and different functional 
groups. Three different functional groups are used here; one of which is 
hydrophobically terminated octadecanethiol (ODT), and two which are 
hydrophilically terminated 11-mercaptoundecanoic acid (MUA) and, 11-mercapto-1-
undecanol (MUD). 
Production of the samples begins by fabricating the substrates. They are 
created by piranha cleaning a silicon wafer onto which a 10 nm layer of chromium is 
thermally evaporated followed by a 150 nm layer of gold. 1mM solutions for each 
thiol were then created by mixing their respective powders with degassed ethanol, 
next the substrates were immersed for 24 hours in the ODT solution forming a single 
monolayer and finally they were cut into individual samples using a diamond tipped 
scribe. 
The samples were then patterned using photolithography as seen in figure 
7.4. They were covered in a 200 mesh mask weighed down by a quartz plate and 
exposed with a 244 nm laser at 100 mW for 25 minutes. In exposed regions this 
causes the sulphur-gold bond to change, by photooxidising the more strongly bound 
alkylthiolate adsorbate complexes to create weakly bound sulfonates, these may 
now be easily displaced by solution and replaced by adsorption of the second SAM 
molecules.   
The samples were each then placed in one of the hydrophilic SAM solutions 
and left for an hour for monolayers to form before being transferred to ethanol. 
Note that the second SAMs are given significantly less time to form than the first, 
thus reducing the quality of the monolayer; if left for longer they would begin to 
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displace the ODT monolayer. 
 
Figure 7.4 - Diagram of photolithographic patterning of SAMs, in exposed areas the thiol-




7.3: Imaging SAMs with TR  
The samples were each imaged using the Multimode in TR mode; the 
procedure is similar to that which is commonly used for TM. The cantilever was 
tuned to just below resonance frequency, on the steepest part of the peak, the 
phase was set to zero and a free amplitude of 1 – 1.5 V was used, which corresponds 
to a tip amplitude of 2-3 nm.  
The tip was engaged, with a setpoint of approximately 70% of the free 
amplitude to allow for stable imaging; higher setpoints, like those used in TM mode 
lead to feedback instability and poor surface tracking, as this corresponds to a steep 
drop in the force curve, as shown in figure 7.6.  The optimal feedback gains were 
found to be similar to TM, roughly 0.5 for integral gain and 1 for proportional gain. 
Thermal drift is present, and so before taking data the cantilever is realigned and 
then left for 5 minutes to stabilise; the process is repeated until the drift is small, a 
voltage shift of 10 mV per minute. 
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For each of the samples, the images showed roughly similar features, as seen 
in figure 7.5: There is a strong phase contrast between the hydrophobic and 
hydrophilic areas, which is assumed to be due to differences in capillary forces, in 
addition contrast difference changes between samples in line with the polarity of the 
hydrophilic group. 
Additionally there is a faint but discernible contrast difference visible in the 
height channel which corresponds to a shift in amplitude. There should be no 
measurable height difference between the thiols, and so to test this the samples 
were imaged in contact mode, with no height difference detected. The change is thus 
assumed to be due a change in the amplitude oscillation as a function of distance 
from the surface due to surface properties. In [116] it was shown that an increase in 
dissipative tip-sample interaction forces led to a reduction in amplitude, and thus the 
amplitude difference seen could be due to differing strengths of tip-sample forces 
between the surfaces, possibly due to differences in capillary forces. 
 
Figure 7.5 - TR height (A) and phase (B) images, taken on a grid pattern of MUA and ODT 
SAMs; which show a large phase contrast and a small but discernable difference in 
amplitude. Scale bars 4 μm. Z scales 12.5 nm and 38 °. 
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7.4: TR Force curves 
TR can also be used to take force curves, it has many possibly advantages here 
including better sensitivity and stability. To take these force curves the AFM was first 
set up to image in TR mode and the region of interest found and located in the 
centre of the image, after which force mode was entered.  The force curve was 
triggered using the amplitude; when a certain amplitude limit was reached, which 
corresponds to the tip pressing into the sample surface, the tip will stop and retract.  
The amplitude must be set precisely, if too low the tip will press hard into the 
sample, damaging both sample and tip, if too high the tip will stop and retract before 
reaching the surface and thus the region of interest in the force curve may not be 
seen. Over time drift may affect the amplitude and so a relative trigger is used to 
minimise this.  
The parameters are set in order to optimise the force curves. A ramp size of 
100 nm was used, this is a compromise between increased speed and resolution and 
being long enough to ensure complete pull off from the surface.  The number of 
samples per force curve was set to 4096 to increase resolution, higher numbers of 
samples would not be useful due to high noise levels, and thus they would provide 
no more information and would only act to increase measurement times and thus 
drift.  
A typical TR Force curve is shown in figure 7.6, the top graph shows the 
torsional oscillation amplitude and the bottom the flexural deflection signal which 
were collected simultaneously, the blue is the extension and the red is the retraction.  
At the start of the curve the tip is a long distance from the sample, the 
cantilever oscillates at its free amplitude and experiences no flexural deflection. This 
continues as the tip approaches the surface until there is a large steep drop in 
amplitude and a corresponding drop in cantilever deflection; the cantilever is bent 
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towards the surface as there is a large adhesive force which is due to the formation 
of a water meniscus.  
As the tip extends further there is a shallower amplitude decay, and a shallow 
upturn in deflection which is due to interactions within the water meniscus. This is 
believed to be due to both the resonant frequency shifting gradually upwards due to 
the increasing lateral stiffness; and the reduction in quality factor due to increasing 
lateral viscosity [116]. 
Finally there is often a second drop in amplitude which corresponds to a snap 
to the surface and the cantilever pivoting around the tip. There is a corresponding 
rise in deflection which corresponds to the cantilever deflecting upwards as it pushes 
into the sample surface. The cantilever then retracts which is seen in red, this shows 
a large hysteresis due to adhesion forces, primarily the water meniscus after which 
there is a sharp jump caused by the breaking of the water neck.  
 
Figure 7.6 - A TR force curve taken over silicon, showing the torsional amplitude (top), and 
flexural deflection (bottom). 
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Figure 7.7 – A TR force curve taken over silicon showing the torsional amplitude (top) and 
phase (bottom). 
It is also possible to acquire the torsional phase force curve, this is shown in 
Figure 7.7. Away from the surface the phase remains constant, there is then a sharp 
rise corresponding to those seen in the amplitude and deflection signals which is due 
to the formation of a water meniscus. After this the phase continues to increase 
more slowly as tip-surface interactions act to damp the oscillation. Finally there is a 
sharp turning point as the tip begins to push into the sample surface. That this is due 
to pushing into the surface can be seen by comparing it to a corresponding deflection 
force curve. 
When the cantilever is pinned to the surface it will vibrate at a different 
frequency, the first clamped mode of the cantilever is much higher than the free 
torsional mode [151], so the phase being monitored approaches zero. It is useful to 
acquire the force curves for both the phase and amplitude as they can be used to 
reconstruct the tip-sample force. 
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7.5: Surface induced molecular water layering 
An interesting potential use of TR force curves is to study how water is 
molecularly structured around different surfaces, and the role this may play in 
biological systems. In ambient conditions water naturally adsorbs to the majority of 
surfaces, and thus mediates interaction between neighbouring surfaces and 
molecules. 
Water at interfaces exhibits different properties to those seen in bulk. Water 
is known to exhibit surface induced layering at liquid-solid interfaces, the 
intermolecular interactions within the water are affected by the surface properties, 
which can lead to layering, as seen in figure 7.8. 
   
Figure 7.8 – Diagram of a water droplet on a solid surface. In bulk liquid the water molecules 
have no long range ordering; whereas at the solid-liquid interface they exhibit layering due 
to interactions with the solid. Adapted from [152]. 
 The structure and extent of the layering is thought to be determined by 
interactions with the solid surface and are thus dependent on the different chemical 
properties of the surface [153].  The effects of the surface decay with distance from 
the sample and so the structure is found to exist for only a few layers. The first layer 
is quite highly structured and it is this layer that is generally of most interest as it is 
thought to determine the interfacial properties [154]. 
Understanding these interactions is crucial to many different fields throughout 
biology and materials sciences; most importantly understanding the behaviour of the 
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water shells surrounding biochemical molecules like proteins and DNA, and also 
other fields including understanding cell membrane water transport and creating 
biosensors [155]. The existence of surface induced water layering has been known 
about since 1983 where surface force apparatus (SFA) was used to measure its effect 
[156].  
In ambient conditions, as an AFM tip approaches a surface it interacts with the 
adsorbed water, pushing successive layers of water out of the way, and technological 
developments have allowed SPM techniques to be used to investigate this structure. 
Shear force microscopy (ShFM) was used by Antognozzi to demonstrate the presence 
of ordered layers of water between the ShFM tip and a mica surface [157]. More 
recently significant advances have been made by Fukma and Asakawa, using a highly 
sensitive custom built AFM operating in FM-TM, with a vertical oscillation amplitude 
of 0.1–0.3 nm, roughly 10 times the sensitivity available with current commercial 
AFMs [158].  
Torsional resonance atomic force microscopy (TR AFM) offers a way to directly 
probe this water structure, it holds several advantages compared to previous 
techniques: its dynamics inherently lead to higher sensitivity which is needed to 
detect the very low forces involved. The tip remains in the attractive region of the 
surface potential throughout and the tip’s motion is insensitive to normal surface 
forces, these lead to high stability. It also has lower oscillation amplitudes, needed 
due to the small size of the water layers so as to not disturb them.  Which is possible 
due to its increased sensitivity and stability relative to other AFM modes. 
The region where water structure is found is after formation of the water 
meniscus and before the snap to contact, which occurs partway up the slope in the 
amplitude signal. The flexural deflection is not sensitive enough to detect the 
structure and so only the amplitude and phase channels are used.  
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The previous force curves were not sensitive enough to see the oscillatory 
features which are indicative of water layering; and so care was taken to achieve a 
high degree of sensitivity. The microscope was left to stabilise for 30 min to reduce 
thermal drift; the ramp size was reduced to approximately 30 nm to increase 
resolution and a clean area of the sample was chosen to reduce contamination. 
Force curves were taken over the all three SAMs with no clear difference between 
the hydrophobic and hydrophilic SAMs. 
Hydration layering has been seen in many force curves, on both extension and 
retraction, as can be seen in figures 7.9 and 7.10. These curves show oscillatory 
features with a period of approximately 2.7 Å, which is in agreement with the 
hydrodynamic radius of water [156]and with values from previous studies [157], 
[159]. These oscillatory features are seen in the expected region of the force curve 
between the formation of the water meniscus and snap to contact and there is thus 
strong evidence for water layering. Most commonly three peaks were seen, with 
higher numbers of peaks not found, although additional small peaks would be very 
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Figure 7.9 – A small section of a TR Amplitude retraction curve (red) taken over an ODT 
monolayer in ambient conditions. The step-like features are clearly visible in the lower part 
of the curve; the average separation of peaks is 2.8 Å, the hydrodynamic radius of water.  
Small peaks are also visible on the upper part of the curve which may due to hydration layers 
on the cantilever tip.  
Oscillatory features are seen in both amplitude and phase curves, as can be 
seen in figure 7.10, they occur in the same place on both curves. The peaks in the 
phase signal are larger and more distinct than in the amplitude, with the small peaks 
clearer suggesting that phase signal may show more sensitivity. However the noise 
peaks are also much larger in the phase signal and it is the size of the peaks relative 
to the noise that is important, here the phase signal seems worse than the 
amplitude.  
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Figure 7.10 - Amplitude (top) and phase (bottom) curves taken in TR mode over ODT, on both 
these oscillatory features are seen with peaks occurring in the same place with spacing of 2.9 
Å.   
In order to more easily visualise the oscillatory features it can be useful to 
isolate them. This is done by fitting a line to represent the amplitude curve without 
any oscillatory features or noise and then taking this away from the data. This 
process is seen in figure 7.11, here the oscillatory features are much clearer in the 
graph and they can be compared directly to the noise. The features consist of the 3 
peaks at the end which have spacings of 2.9 Å, to the left of that are lots of other 
peaks are due the noise. By comparing the oscillatory features to the noise 
differences can be distinguished: they are much larger and clearer, they have the 
expected spacing, and occur in the expected region of the force curve.  
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Figure 7.11 – Deviations (bottom) from the amplitude curve (top) which can be seen by 
fitting a line and taking it away. This makes the oscillatory feature much clearer. Compared 
to the other deviations the oscillatory features are larger and much more clearly defined. 
The above results were all collected with the Multimode, and it was expected 
that the ICON might have greater sensitivity. This was however not the case with no 
clear features seen at all over a number of experiments. A possible explanation may 
be the presence of cross talk between the neighbouring piezoelectric actuators in the 
new commercial holder. They may be close enough for a signal to pass between 
them with could induce some flexural motion in the cantilever thus making detection 
of water layers impossible. Another explanation may be that the asymmetric tip 
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7.5.1: Differences in molecular water layering on hydrophobic and 
hydrophilic surfaces 
No clear difference in the force curves was seen between the hydrophilic and 
hydrophobic SAMs. It was thought that this may be due to contamination and 
surface defects, and so some simpler surfaces were used, these were silicon, mica 
and highly oriented pyrolytic graphite (HOPG) samples. Silicon and mica are both 
hydrophilic and HOPG is hydrophobic. Silicon wafers were cut with a diamond tipped 
scribe and cleaned with acetone and isopropyl alcohol (IPA); mica and HOPG were 
both freshly cleaved using adhesive tape.  
A number of force curves were taken on each of the three surfaces. In 
approximately 1 in 5 curves features which appeared to correspond to molecular 
water layering were seen; this ratio was the same for all surfaces. For each curve the 
number of peaks and the spacing between peaks were recorded and the average for 





HOPG 0.280 ± 
0.035  
2.26 
Mica 0.292 ± 
0.044  
2.44 
Silicon 0.290 ± 
0.042 
2.37 
Table 7.2 – Average peak spacing and number of peaks for the oscillatory features on 
different surfaces.  
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Figure 7.12 – Histograms showing range of spacing of oscillatory features for Silicon, Mica 
and HOPG. The jumpy nature is in part due to a resolution mismatch.  
Table 7.1 shows the average peak spacing and number of peaks for the 
oscillatory features on the three surfaces and figure 7.12 shows a histogram of the 
recorded peak spacing. 
All three surfaces have average spacings consistent with the hydrodynamic 
radius of water, and are thus indicative of molecular water layering. There was no 
difference found in number of peaks between samples.   The histogram shows that 
there is a wide variation in individual peak spacings. However the two hydrophilic 
surfaces mica and silicon have very similar average spacings, with a slightly smaller 
spacing seen for the hydrophobic surface HOPG. The difference between these is 
greater than the margin of error, however the difference is only slightly more than 
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7.6: Measuring chain orientation in polyethylene lamellae 
TR AFM was used to attempt to measure chain orientation within lamellae 
and how that might change as the film was subjected to tensile strain. Within 
lamellae are individual polymer chains, in undeformed polyethylene these chains are 
aligned perpendicular to the lamellae [21]. When the polymer is stretched the 
lamellae are deformed and eventual fractured, during which the orientation of the 
chains within the lamellae will change, but it was not clear from the data presented 
in chapter 4 when or to what extent this transformation occurs.  
In TR the tip stays close to the surface throughout its oscillation, it oscillates 
with a small dither perpendicular to the cantilever, with an amplitude less than 1 nm. 
The orientation of objects on the surface at a length scale similar to the oscillation 
could affect its amplitude and phase. TR of polyethylene shows a strong phase 
contrast and so it is thought that it might be possible to use this to see chain 
orientation. Techniques such as SAXS can be used to measure average chain 
orientation for a sample, but this method would be the first to provide a local 
measure of orientation. 
Care must be taken in that differences in phase can be dependent on many 
variables, including how much the features align with the scan direction.  
The custom built stretching rack was designed to fit under the Dimension and 
was much too large for the ICON and Multimode. Thus In order to image stretched 
polymer films in TR, and in particular the same areas which had been imaged with 
the Dimension, it is necessary to use a technique to transfer the film. A custom built 
frame was developed for this purpose.  
The frame can be seen in figure 7.13, it consists of a thin metal washer. The 
film is on the stretching rack, under tension. Superglue is then used to stick the 
frame to the film from above, with the centre of the neck in the middle of the 
washer, well away from any contaminating glue. The film is the cut either side of the 
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frame to separate it from the stage, the film within it remains in tension. A metal 
puck is then adhered to the film from below for support. The frame is thin enough 
that the film towards its centre can be imaged without the cantilever or its holder 
hitting the frame.   
 
Figure 7.13 – A frame consisting of a metal washer which is used to keep the film under 
tension when transferring to another microscope. The white paper seen here was only used 
in this test.  
A number of images of polyethylene were taken, an example is seen in figure 
7.14 which shows it undeformed. It can be seen that this provides a good image 
similar to what is seen in TM and contact mode, clearly showing the lamellae. The 
phase is interesting showing a high contrast. It is not seen here but TR can be more 
prone to issues tracking the surface than TM. 
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Figure 7.14 –TR height (A), amplitude (B) and phase (C) images of unstretched polyethylene. 
Scale bars 1 µm. 
To measure a change in chain orientation, we must first be sure of measuring 
the chain orientation; this was done on unstretched polyethylene where the chains 
will be aligned perpendicular to the lamellae. The sample here was simply attached 
to a metal puck with super glue.  
To do this TR mode was used to image areas of the film where there are 
lamellae which are both in line with, and at 90 ° to, the slow scan direction, and thus 
the dither direction. This would give the largest contrast difference between the 
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lamellae. 1 µm images are chosen to give high resolution, an example is shown in 
figure 7.15 in A, here there is a clear apparent contrast difference between vertical 
and horizontal lamellae. This is true for a number of different images.  
To check if the observed contrast difference is due to the dither direction or 
the scan direction images were taken of the same area at scanning angles of both 0 ° 
and 90 °. At 0 ° the scan and dither direction are aligned, and at 90 ° they are 
perpendicular to each other. An example is shown in both A and B in figure 7.15, in B 
where the scan direction has been rotated the large contrast difference is not visible, 
indicating it was due to scan direction.  
 
Figure 7.15 – Two TR phase image of the same area taken at 0° (A) and 90° (B). Scale bars 
200 nm. Z scales 50°. 
It is important to numerically measure the difference in brightness. This was 
done using Imagej, where the average brightness of each lamella in an image was 
measured and the average values for those aligned with and perpendicular to the 
dither direction taken. This was repeated for the corresponding 90 ° image and the 
values were compared. 
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The values can be seen in table 7.2. For the first image there is a large 
difference between lamellae aligned with the dither direction and those 
perpendicular to it. When the scan axis is rotated however the lamellae in both 
directions have similar brightness, with those perpendicular to the dither direction 
being slightly brighter.  
These results show that the difference in brightness is due more to the 
alignment of the lamellae with the scan direction than the alignment of the chains 
with the TR dither direction, and thus it is difficult to use this method to measure 
chain orientation.  
Scan 
Angle 
Alignment of lamellae Brig
htness 
0° Aligned with dither direction 
/ Aligned with fast scan direction 
1.38 
Perpendicular to dither 
direction / Perpendicular to  fast 
scan direction 
0.48 
90° Aligned with dither direction/ 
Perpendicular to fast scan direction 
1.09 
Perpendicular to dither 
direction / Aligned with fast scan 
direction 
1.21 
Table 7.3 –How brightness varies with lamellae alignment with both the fast scan direction 
and the TR dither direction, for two different areas. Brightness in arbitrary units.   
There would appear to be some effect due to alignment with TR dither 
direction, with the difference in brightness in the 90° image much smaller than for 0°. 
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This indicates that a combination of both effects is in play, with the effect from 
alignment with the fast scan direction being larger.  
It could thus be possible to measure a change in chain orientation from the 
difference in brightness values for aligned and perpendicular lamellae at both 0° and 
90° scan angles. This was however judged to be a not clear enough potential 
measurement, which would have a large error, and it seems this experiment does 
not have the necessary sensitivity.  
A number of things were tried to increase the sensitivity. The machine was left 
overnight to settle. A range of different amplitudes and set points were used, with 
different relative setpoint used. However better results could not be obtained. 
 
7.7: Conclusions and future work 
In this chapter a number of uses of TR AFM were investigated, using both a 
custom built holder and a commercial holder. TR was shown to have promise for 
imaging, with a high phase contrast and the possibility for high speeds. 
The existence of surface induced molecular water layering was shown, with 
oscillatory features with spacings consistent with the hydrodynamic radius of water. 
This was observed on a range of surfaces, including both hydrophobic and 
hydrophilic surfaces. A difference in average peak spacing based on the 
hydrophobicity of the surface was seen, however this difference was not 
substantially larger than the margin of error given the high variability of the force 
curves, and so more work would be needed to be sure of this difference.  
Overall the oscillatory features were not observed consistently on force 
curves, with the features only clearly occurring in a small percentage of curves. In 
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order for this work to move forward it is important to understand why this occurs 
and to improve their consistency and to more clearly distinguish them from the 
noise. 
There are several possible explanations for this; it could be that hydration 
layers do naturally occur rarely, though this is highly unlikely as they were found to 
be common in previous studies [160]. It could also be that they are rare here due to 
contamination of the surface and the tip, though this is unlikely as curves were 
similar over a range of surfaces. 
A more likely explanation is that the layers exist but are not seen; they may be 
disturbed by the motion of the tip, or they may be either not measured at all or 
smaller than the background noise. Detecting the water layers requires a high degree 
of sensitivity which may not have been always achieved. 
The commercial holder from the ICON was seen as a way to solve this, with 
potentially higher sensitivity, however this was not the case with no clear features 
seen at all over a number of experiments. A possible explanation may be the 
presence of cross talk between the neighbouring piezoelectric actuators in the new 
commercial holder. They may be close enough for a signal to pass between them 
with could induce some flexural motion in the cantilever thus making detection of 
water layers impossible. Another explanation may be that the asymmetric tip 
oscillation supplied by the holder acts to disturb the water layers.  
There are a number of ways to potentially improve measurements using the 
current AFM. Increased humidity may improve the occurrence of water layering. Also 
decreasing the noise more, would make the signal clearer. A hood, a Bruker MMAHC-
212, was used for this purpose with no apparent improvement. Alternately the AFM 
used may not have enough sensitivity and another could be used.   
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In the longer term, there are many new avenues to explore, including surfaces 
functionalised with proteins and the effect on water layering of cryoprotectant 
molecules, which are known to disrupt hydrogen bonding. 
TR was also used to attempt to measure chain orientation in polyethylene 
lamellae by a change in the phase based on if they are aligned or not with the dither 
direction. A large difference was seen between neighbouring perpendicular lamellae 
across a number of images, however this was seen to be more due to alignment with 
the scan direction than the dither. Once this effect was factored out, there was a 
small effect due to alignment with dither direction but this was not considered large 
enough to proceed as there would be a large error involved.  
The experiment does not appear to have the necessary sensitivity. The steps 
to improve it are largely the same as for water layering, with lower noise and 
perhaps a difference instrument.  
Once the sensitivity has improved, the technique could then be used to 
measure how the orientation of the chains within lamellae change with deformation. 
TR could be used in conjunction with the images in the other chapters to build a 
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Chapter 8 – Conclusions and further work 
In the work presented here, atomic force microscopy has been used to 
investigate the deformation and fracture of semi-crystalline polymers, in situ, at the 
lamellae scale. This chapter will summarise the key findings and comment upon the 
perspectives for the use and future development of these techniques. Each area of 
research addressed in this work is discussed below in its own subsection.  
In chapter 4, HDPE was stretched and imaged in situ, sets of images in the 
same place were taken allowing the observation of processes as they occur. The 
processes seen agree with the results of previous studies, the following were seen: 
separation of lamellae, tilting and rotation of lamellae, alignment with the stretch 
direction and breakup into blocky elements. Also significant nanovoiding and craze 
formation and growth were seen. 
By following processes, information on where the processes start and how 
they progress was gathered, this has not been seen before. Other than a small 
change in lamellae separation, lamellae movement appears to be almost entirely 
driven by crazes, their opening and growth, otherwise they tend to act in concert 
with their neighbours. Branch points of branched lamellae were seen to undergo the 
least deformation, this is assumed to be due to the branch acting to pin the lamellae 
in position next to each other.  
 Crazes form away from branch points and their growth is often curtailed 
geometrically by branch points, with a branch point forming a ‘corner’ of a craze. On 
the opposite side to a branch point, there is sometimes a pinning effect with no 
visible branch point. This might be due to an unseen branch in lamellae below the 
surface. Crazes are not seen to all form at once, some new crazes are seen to form 
later, long after initial crazes.  
Meshes of points were fitted to sets of images to help understand the 
processes. In the future it would be useful to improve this process. An automated 
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fitting process would be both quicker and potentially lead to more accurate and 
consistent results. This would allow the fitting of larger scale images to understand 
how the heterogeneity of deformation changes on larger scales. The resolution 
would need to be increased for this to work. 
Isotactic polypropylene was stretched, and its deformation and fracture was 
observed in situ, on the nanometre scale. The processes were largely seen to 
proceed as seen in previous studies, though with some key differences. 
Strain was found to be almost entirely localised to crazes. Crystalline regions 
were found to exhibit virtually no deformation, until individual crystallites broke off 
into the craze. At very high strains larger areas broke up into individual crystallites, 
these areas were seen to have a phase difference to undeformed crystalline regions, 
showing their changing material properties as they begin to break up. 
The crystal blocks within the crazes can be traced back to the individual 
crystallites that form the crystalline regions, without appearing to shrink or undergo 
deformation. Thus it appears they act passively to the processes going on around 
them, which is in contrast to the behaviour of lamellae in polyethylene.  
The crazes, and in particular the largest primary crazes, were found to largely 
occur perpendicular to the stretch direction. Secondary crazes perpendicular to the 
primary crazes, were seen, these are formed due to mismatches in strains 
perpendicular to the stretch direction caused by the primary crazes opening. 
The rate of individual craze growth was seen to vary between neighbouring 
crazes. They are seen to stretch at different times, with one staying relatively static 
whilst another stretches and vice-versa, which demonstrates localised strain 
hardening. 
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There are other processes which are seen in other studies which are not seen 
here including deformation banding and wedge formation; these are larger scale 
processes. 
By watching the same areas over time we can begin to understand why the 
crazes form and grow where they do. The primary and secondary crazes are formed 
due to the overall strain, and perpendicular strains caused by mismatches 
respectively, however where they will occur is not clear. Some crazes seem to 
nucleate at defects and incipient crazes before propagating onwards, however this is 
often not the case. Many of the crazes we see here have propagated from outside 
the imaging area, which is sometimes visible in larger images. 
 Some crazes, however, clearly start in the imaging area without any 
defects, in fact crazes often choose routes next to but avoiding a defect, even if a 
nearby defect might seem to offer a more obvious route. This may be due to defects 
below the surface of the sample which we cannot see, or it may simply be that 
defects are not that important in choosing the best route to minimise strain.  
To better understand this in the future it would be useful to repeat this data 
with larger scan sizes whilst still keeping the same resolution. This would increase the 
problem of drift and so to mitigate this higher scan speeds could be used, perhaps 
making use of techniques such as torsional tapping and torsional resonance AFM. It 
would also be useful to take more images in each set to better follow the processes. 
Applying a fitting procedure to follow the movement of the crystallites on the surface 
would also be useful. 
A feature not seen in any previous studies is the existence of ‘geometric 
crazes’, these are  areas within fibrillated regions where the fibrils are not aligned 
parallel to neighbouring fibrils, short sections of fibril are arranged in apparent 
geometric patterns at angles to each other and the main parallel fibrils. Similar 
features are seen in by crack edges in polyethylene in chapter 6.  They are assumed 
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to be formed by a combination of localised strains occurring in multiple directions. 
These stresses perpendicular to the stretch direction occur due a mismatch in 
stresses caused by the opening of the crazes. In the future it would be useful to 
observe the formation of geometric crazes. This would require being able to follow 
the same area at high strains, and would require stretching the sample then choosing 
the area that was stretching the most to follow. Angular analysis, showed the peak of 
their angles, both to themselves and to the stretch direction to be 60°, which is 
assumed be due the strongest structures tending to form, and doesn’t seem to bear 
any relation to the shear banding angle or the unit cell. 
The effect of crack edges on polyethylene deformation and fracture was 
studied. Both mapping spatially and watching the same area evolve with increasing 
strain.  A distribution of both strain and thus stress, which varied with both 
magnitude and orientation, was seen around the crack tip. This was found to largely 
agree with previous studies, with the stress aligned with the crack edge and 
decreasing with distance over the scale of 10s of µms. This kind of distribution 
implies a flow of material towards the tip. A key exception to this was the existence 
of large (~100 µm) areas of uniformly high deformation which appeared at the end of 
the crack tip and had somewhat sharp boundaries to the rest of the film. This is likely 
caused by multiaxial strain. 
The deformation processes occurring are similar to those seen in simple 
extension for stretched including the existence of crazes, a difference being the large 
scale shear seen throughout. Also within a couple of µms of the crack edge, the 
surface was completely fibrillated, with closely packed fibrils aligned with the edge, 
there are no voids here, they appear to have been closed up by the shear forces from 
the edge.  
In highly stretched regions ‘geometric crazes’ have been seen, these are once 
again areas within fibrillated regions where short sections of fibril are arranged in 
apparent geometric patterns at angles to each other and the main parallel fibrils. 
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These features have not been seen in previous studies, they would not be visible in 
spectroscopy methods or in low resolution microscopy.  It is assumed that they are 
formed by a combination of localised strains occurring in multiple directions caused 
by the crack tip. The geometric crazes are similar to features seen for polypropylene 
in chapter 5. Here they are generally larger and more complex, and so have a 
difference in most common angles between fibrils.  
In the future it is important to investigate further how these geometric crazes 
form and grow and so more sets close to the crack edge could be taken. In particular 
it is important to capture high resolution sets of images and so these at larger scales 
would be used. These images would be fitted with meshes of points to help 
understand the process. An automated fitting procedure would help here, both to 
increases accuracy and consistency and to allow the fitting of larger scale images. 
These procedures would also be useful in understanding the development of the 
defined uniform high deformation area by watching how it forms.  
The polyethylene and polypropylene samples used here can be seen to have 
very different behaviour under tension. For polyethylene there are large amounts of 
both deformation and fracture seen, for polyethylene however there is almost no 
deformation of the individual crystallites. This would seem to indicate that in the 
HDPE used the crystals are relatively weak compared to the amorphous region, and 
must contain a significant number of defects; whereas in the isotactic polypropylene 
the crystals must be strong with few defects.  Polypropylene is generally a more 
brittle material than polyethylene, but this will depend greatly on factors such as the 
branching and molecular weight of the materials.  
In both chapter 5 with stretched polypropylene and chapter 6 with 
polyethylene near a crack edge geometric crazes have been seen.  The similarities 
between the two is that that they both consist of regions within fibrillated regions 
where  short sections of fibril are arranged in apparent geometric patterns at angles 
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to each other and the main parallel fibrils. Both the fibrils and the regions are of 
somewhat similar size, and occur between the main fibrils. 
The differences are that the polyethylene geometric crazes are seen to be 
larger and more complex, with those in polypropylene only occur in thin lens shaped 
regions. There is also a difference in the most common angle of the fibrils, it is 
approximately 60 ° for polypropylene and 36 ° for polyethylene, with no clear 
significance seen to these angles.  
In both cases these features occur at extremely high strains, and where there 
appears to be some multiaxial strain, caused by the crack tip for polyethylene and 
the mismatch in strain due to craze opening in polypropylene. So these are seen as 
the likely causes of these features.   
It is not clear what exactly causes the differences seen between the materials, 
although clearly they will stem from the difference in material properties, with 
polypropylene being more brittle and thus they perhaps have less room to grow.  
Overall it seems that AFM is useful for studying these phenomena, as it has 
allowed them to be studied in situ at the lamellae scale. It could be used to give 
higher resolution images to allow chains to be seen, or to extract material properties 
from the sample. 
AFM does have its drawbacks here, it only sees surface processes and is 
limited to thin films, and so it cannot see the large scale cavitation that may occur in 
the bulk. It also cannot see and branch points and defects which may occur below 
the surface of the film and may be affecting how the deformation and fracture 
proceed. AFM is also a slow imaging technique, which both makes it slow to take 
data, and leads to problems of creep and drift effecting images. In the future faster 
scanning modes could have used here to mitigate some of this.  
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A number of uses of TR AFM were investigated. TR was shown to have 
promise for imaging, with a high phase contrast and the possibility for high speeds. 
The existence of surface induced molecular water layering was shown, with 
oscillatory features with spacings consistent with the hydrodynamic radius of water. 
This was observed on a range of surfaces, including both hydrophobic and 
hydrophilic surfaces. A difference in average peak spacing based on the 
hydrophobicity of the surface was seen, however this difference was not 
substantially larger than the margin of error given the high variability of the force 
curves, and so more work would be needed to be sure of this difference.  
Overall the oscillatory features were not observed consistently on force 
curves, with the features only clearly occurring in a small percentage of curves. In 
order for this work to move forward it is important to understand why this occurs 
and to improve their consistency and to more clearly distinguish them from the 
noise.  It is likely that the layers exist but are not seen; they may be disturbed by the 
motion of the tip, or they may be either not measured at all or smaller than the 
background noise. Detecting the water layers requires a high degree of sensitivity 
which may not have been always achieved. 
There are a number of ways to potentially improve measurements using the 
current AFM. Increased humidity may improve the occurrence of water layering. Also 
decreasing the noise more, would make the signal clearer. In the longer term, there 
are many new avenues to explore, including surfaces functionalised with proteins 
and the effect on water layering of cryoprotectant molecules, which are known to 
disrupt hydrogen bonding. 
TR was also used to attempt to measure chain orientation in polyethylene 
lamellae by a change in the phase based on if they are aligned or not with the dither 
direction. A large difference was seen between neighbouring perpendicular lamellae 
across a number of images, however this was seen to be more due to alignment with 
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the scan direction than the dither. Once this effect was factored out, there was a 
small effect due to alignment with dither direction but this was not considered large 
enough to proceed as there would be a large error involved.  
The experiment does not appear to have the necessary sensitivity. The steps 
to improve this would include lower noise and perhaps a difference instrument. 
Once the sensitivity has improved, the technique could then be used to measure how 
the orientation of the chains within lamellae change with deformation. TR could be 
used in conjunction with the images in the other chapters to build a better 
understanding of the effect of chain orientation on lamellae rotation and breakup.  
There are many possible avenues for the future of this project, these include: 
Using different samples to explore the effects of branch content on how the 
processes occur. LDPE, has significantly more branching than HDPE, and because of 
this has greater flexibility and lower strength. The effect of different molecular 
weights can also be seen, with UHMWPE having very high strength. Sets could also 
be taken at different temperatures or strain rates, with the use of a specialised stage, 
to see their effects. Different semi-crystalline polymers such as polyethylene 
terephthalate (PET) or polytetrafluoroethylene (PTFE) could also be investigated.  
A strain gauge could be integrated into the stage, in order to measure stress-
strain curves to compare with what is seen in the images.  
It would be useful to use Micro focus X-ray techniques, these have spot sizes 
of less than 10 μm, allowing measurements to be taken on the scale of some of the 
images shown here. These results could be compared with the images seen here. 
This is particularly important around crack tips, where strain varies significantly with 
position.  
Small‐angle electron scattering (SAES) could be used to examine the structure 
of the fibrils. Also photoelasticity measurements could be taken using the 
birefringence of the material to measure changes in local deformation. 
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Molecular scale AFM imaging could also be undertaken, such as that 
undertaken by Mullin and Savage [161][162] using TT AFM. This could allow the 
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